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Abstract
A monomer functionalization method (“grafting from” polymerization) was used for
synthesizing novel polyurethane/nano TiC>2 coatings to enhance the dispersion of nTi02
particles throughout the coating. Instead of using a simple physical mixture of
polyurethane coating and nTiC>2, this novel functionalization method chemically bonds
the'TiO i nanoparticles to the polyurethane polymer. This was achieved by coordinating
bi-functional 2,2, bis(hydroxymethyl) propionic acid (DMPA), which has 2 hydroxyl
groups for reacting with the diisocyanate terminated pre-polyurethane(PU), and a
carboxyl group for coordination to nTi02. This allowed the novel polyurethane coating to
be prepared by directly attaching the nanoparticles to the polymer matrix.
After comparison of the Polyurethane/nTi02 coatings formed via the physical mixture
method and the “grafting from” polymerization method in terms of SEM and EDXMapping images, the direct attachment method was found to provide excellent dispersion
of nTiC>2 within the polymer matrix, which enhanced the self-cleaning and anti-bacterial
properties. The anti-bacterial property of PU/nTi02 film was evaluated in terms of the
X.

survival ratio of E. coli (Escherichia coli) as a function of UV-illumination time.
Different UV light sources, i.e. a solar Simulator (AMU5), and UV fluorescent lamp
were examined for comparison. Anti-bacterial behavior was analyzed by using 105
CFU/ml E. coli strains on lwt% PU/nTi02 film for various time intervals with the
survival ratio of E. coli evaluated. Two control experiments were designed and conducted
to prove that UV illumination and PU/nTi02 film were both necessary for the observed
anti-bacterial properties. As the UV intensity was increased, faster activation and
enhanced E. coli death rates were achieved.

n

;:

Photocatalytic activity leading to the observed self-cleaning properties of the PU/nTi02
films was measured by monitoring the degradation of “dirt” on the polymer surface using
FTIR spectroscopy. Additional DMPA and stearic acid were chosen as the model
compounds for “dirt” to test the self-cleaning ability of the synthesized PUyTi02 films.
iii

As the time of solar-like irradiation increased, the prominent peaks of additional DMPA
and stearic acid from the FTIR spectra decreased. Therefore, excellent anti-bacterial and
self-cleaning

properties

were

achieved

using

the

novel

“grafting

from”

po!yurethane/nTi02 self-cleaning coatings.
A variety of characterization techniques (i.e. SEM, TGA, ATR-FTIR and EDX) were
used to optimize the coordination reaction between DMPA and nTi02. Optimal
conditions were achieved when lg of Ti02 (calcined at 400°C for 4h) and 4g of DMPA
were reacted in 45ml anhydrous iso-propanol under N2 at 80°C for 24h.
Furthermore, as the rutile phase of Ti02 can provide UV protection, with the
photocatalytic activity mainly provided from the anatase phase, the optimum
anatase/rutile ratio needs to be determined to optimize the photocatalytic activity. Two
convenient methods were chosen to control the anatase/rutile ratio:

1) phase

transformation from anatase to rutile via calcination, and 2) hydration-dehydration
treatment of physical mixtures of pure anatase and pure rutile crystal form. The
characteristic results of ATR-FTIR, TGA, SEM, and EDX-mapping showed that the
anatase (100% anatase) and Degussa P25 nTi02 (80%anatase and 20% rutile) when
calcined at 400°C for 4h provided the best functionalization results. The formation of
rutile phase was found to reduce the amount of surface-adsorbed water, OH groups, and
surface area, leading to the observed decrease of the coordination activity. As the ratio of
anatase/rutile decreased, the amount of the final functionalized DMPA-Ti02 decreased,
and the percentage of functionalized DMPA decreased. Consequently the intensity of the
characteristic FTIR peaks became weaker.

Keywords
polyurethane, nanoTi02, anatase/rutile ratio, DMPA, anti-bacterial, self-cleaning,
inorganic/polymer nanocomposites.
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Chapter 1
Introduction

1

Currently, self-cleaning coatings are getting tremendous attention from both the academic
interest and industrial communities.1 A great deal of effort has been directed towards the
commercial development of self-cleaning applications due to a variety of potential
advantages ranging from: 1) reduction of maintenance costs (including the cost of
cleaning solvents, time and labor), 2) protection from environmental pollution such as
chemical detergents, 3) prevention of surfaces from contamination, oxidation, 4)
resistance to bacteria, and 5) prevention of snow and ice build up on surfaces.2
Photoexcited titanium dioxide (i.e.Ti02) has strong oxidation and reduction power which
has been realized from the discovery of the Honda-Fujishima Effect3. The interest in Ti02
originally began for photoelectrochemical solar energy conversion, and then shifted into
the area of environmental photocatalysis and photoinduced hydrophilicity, and most
recently into the commercialization of TiCVbased photocatalytic products in which selfcleaning coatings are one of the most important applications.4*
A self-cleaning coating comprised of TiCVdoped-TiC^ has four unique features when
exposed to ultraviolet (UV) light or sunlight:

r

1) Self-cleaning property: À super-hydrophilic surface allows small-chain organic
molecules and everyday dirt and stains to be washed away easily with water.1'2,5"6
2) Anti-bacterial properties: Various highly active oxygen species generated upon
irradiation oxidize organic cells adsorbed onto the TiC>2 surface, resulting in the death of
the microorganism or bacteria.7"13
3) Environmental friendly: Strong oxidation power decomposes long chain organic
molecules into smaller ones with the evolution of CO2 as the only detectable gas-phase
product.1416

.

;

4) Visible-light photocatalysts and indoor usage: Doped-Ti02 harvests a greater
proportion of solar energy and visible light, which provides the coating the ability to be
visibly-light active and work under indoor-lighting conditions.17' 18

2

Based on its photocatalytic and super-hydrophilic properties, Ti02-based self-cleaning
exterior surfaces can be kept clean by the action of sunlight and rainwater. The adsorbed
organic soilage is decomposed gradually by the photocatalytic'property of Ti 0 2 , while
organic contaminants or dust can be washed off by rainwater because of the superhydrophilic property. Most photocatalytic self-cleaning coating research has focused on
self-cleaning glass, although self-cleaning polymers for paints and coatings that are also
anti-bacterial would be of tremendous consumer and industrial importance.
Mustunaga and co-workers reported that microbial cells in water could be killed by
contact with a TiCVPt photocatalyst upon irradiation with UV light for 60-120 min for
the first time in 1985.12 This finding led to a new method for water sterilization, and
subsequent widespread investigation on the photocatalytic effect on a variety of
microorganisms including viruses, bacteria, fungi, and alage.10 Anti-bacterial coatings
can potentially be applied to the floors and walls of hospital operating rooms where
sterile conditions are crucial. After using the coatings, the bacterial counts on the wall
will decrease to negligible levels in a short period of time, and the bacterial counts in the
surrounding air also will decrease significantly.4 Usually the anti-bacterial effects are
examined through the loss of viability of E. coli suspension by the viable count
procedure.10
TiC>2 is a multi-crystal substance that contains three major crystal types: brookite
(orthorhombic), rutile (tetragonal) and anatase (tetragonal). The anatase form of Ti02 is
more photoactive than rutile. The high degree of crystallinity and high surface area of the
anatase powder is important to improve the photocatalytic activity.19"23 Li et al. showed
that an anatase and rutile mixed phase gave better photocatalytic activity attributed to the
solid-solid

interface facilitating

charge

separation

and

hindering

electron-hole

recombination.24"25 Furthermore, it has been shown that a 70/30-anatase/rutiIe mixture
provided the best photocatalyst for the oxidation of organics when titania was applied to
the treatment of wastewater.26 Therefore, it is essential to investigate and control the
anatase/rutile ratio and microstructure of the titania system.

3

Otto Bayer and coworkers at I.G. Ferbenindustri, Germany in 1937 were the first to
discover polyurethanes,27 which today are used in paints and coatings for both indoor and
outdoor applications due to their excellent mechanical and weathering properties.
Directly linking nTi02 by chemical attachment to the polymer chains may potentially
provide advantages of both UV protection and photocatalytic self-cleaning properties
from TiC>2. There is a tremendous scope for the application of self-cleaning coatings in
industrial, health care and consumer sectors.
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Chapter 2
Objectives

The objectives of this thesis are as follows:
1. Achieve

chemical

functionalization

and

absorption

between

2,2-bis

(hydroxymethyl) propionic acid (DMPA) and nTiC>2 via a solvothermal method,
and

synthesize

polyurethane/nTi02

coatings

via

the

“grafting

from”

polymerization method in terms of functionalized DMPA-Ti02.
2. Study the anti-bacterial and self-cleaning properties of the synthesized
polyurethane/nTi02 coatings.
3. Determine the optimum reaction conditions and optimum molar ratios, investigate
the

calcination effect, solvents effect, and temperature

effect on the

functionalization and coordination reaction between DMPA and nTiC>2 .
4. Investigate the optimum ratio between anatase and rutile in the solvothermal
functionalization method in order to optimize the anti-bacterial and self-cleaning
properties of the polyurethane-nTiC>2 coatings.
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Chapter 3
Literature Review

3.1

Titanium dioxide

Titanium dioxide (Ti02) is the most commonly used and most heavily researched metal
oxide (among several other semiconductors including ZnO, Fe2C>3, WO3 and CdS) due to
its chemical and biological inertness, mechanical toughness, high photo-catalytic activity,
favorable redox potential, nontoxicity, low cost and availability.28'30 Ti0 2 displays all the
desired features of an ideal semiconductor photocatalyst, with the only exception that it
has a large band gap (3.2 eV), leading to only UV light absorption. In spite of these
substantial limitations, Ti0 2 has found numerous applications as a pigment in such
products as, sunscreens, paints, ointments, and toothpaste since its commercial
production in the early twentieth century.31 TiC>2 can potentially be used for self-cleaning
and anti-fogging products, air and water purification, remediation of environmental
pollutants, and for the destruction of microorganisms such as bacteria and viruses.
Beyond these areas, nTiC>2 has also been shown to be useful for the inactivation of cancer
cells,32'33’34'35 odor control,13 the fixation of nitrogen and for the cleanup of oil spills.34'35
The use of photocatalytic TiC>2 . activated by light energy began with photoelectrochemical solar energy conversion, then shifted into the area of. environmental
photocatalysis

and

photoinduced

hydrophilicity,

and

more

recently

into

the

'"v

commercialization of TiCVbased photocatalytic products, such as self-cleaning coatings.4
Ti 0 2 is a multi-crystal substance that contains three phase types: brookite (orthorhombic),
rutile (tetragonal) and anatase (tetragonal). Rutile is the only stable phase, whereas
anatase and brookite are both metastable at all temperatures. Rutile and anatase are the
most widely used crystal forms.
TiC>2 can induce photocatalysis by absorption of ultraviolet (UV) radiation which has
been realized from the discovery of the Honda-Fujishima Effect.3 TiC>2 is the most
efficient photocatalyst for most of the electronic and chemical processes involved in
photocatalytic reactions. It is of interest for a variety of applications, such as water or air
purification, self-cleaning materials, and photo electrochemical cells, due to the

remarkable ability of TiC>2 to degrade almost any organic molecule under UV light
illumination.
However, the wide band gap in the photocatalysis of TiCh is a major problem. Pure
anatase possesses a wide band gap energy of 3.2eV, and activates at ?i<380 nm in the UV
light region, which is considered a limitation for practical utilization as this leaves
approximately 95% of the available sunlight unused. Therefore, numerous studies have
focused on shifting TiCVs band gap to the visible spectral region. This would allow
efficient utilization of sunlight, and hence would greatly expand its application into our
daily lives.

Another disadvantage of TiC>2 is that charge carrier recombination occurs

within nanoseconds, and in the absence of promoters (e.g. Pt or RUO2), the photocatalytic
activity is low.

Furthermore, the photocatalytic efficiency is very low. For this

important conduction band process, modifying the TiC>2 surface judiciously by chelating
groups was found to drastically accelerate the rate of oxygen reduction.38

3.2 Self-cleaning Goatings
Self-cleaning coatings are under increasing recent attention1. Self-cleaning coatings can
be divided into two major categories: i.e. super-hydrophobic and super-hydrophilic
coatings. If the contact angle of water droplets on the coating’s surface is above 90°, it is
defined as hydrophobic, and if the contact angle is higher than 150°, it is defined as
super-hydrophobic. On the other hand, if the contact angle of the water droplets on the
coatings’ surface is below 90°, it is considered hydrophilic, while if the contact angle is
smaller than 30°, it is considered super-hydrophilic.1,5
These two types of coatings both clean themselves through the action of water, but with
different mechanisms. Hydrophobic, coatings clean themselves by rolling off water
droplets that carry away any dirt, while hydrophilic coatings clean themselves by
sheeting water that carries away the dirt. Hydrophilic coatings that consist of TiC>2,
however, have an additional property that they can chemically break down the absorbed
organics under sunlight or UV radiation due to the photocatalytic process of TiC>2.5

Some strategies to improve self-cleaning properties might involve increasing the surface
area of the film, the number of generated electron-hole pairs, the lifetime of the pairs in
the material by reducing the recombination rate, or by creating coatings that are activated
by lower energy light, thus using a higher proportion of the solar spectrum.5
A great deal of effort has been directed to the commercial development of self-cleaning
applications due to their advantages ranging from reducing maintenance costs such as the
cost of cleaning solvents, the time and labor consuming of workers, protection from
environmental pollution such as chemical detergents, prevention of the surfaces from
contamination to the bacteria resistance and prevention of snow and ice build up on
surfaces.2
These many benefits predict a wide variety of applications, and the market size for selfcleaning coatings is estimated to be a billion dollars worldwide market in several
commercial and industrial applications. Significant effort has been made towards the
commercialization of self-cleaning coatings, moreover, most of the current applications
for self-cleaning coatings are all connected with people’s daily lives. Applications such
as car bodies, exterior paints, plastic roofs and doors of buildings, self-cleaning clothes,
cameras, lenses, telescopes; kitchen fittings, lamp covers, mirrors, glasses; etc4,6 can all
benefit from self-cleaning coatings. Many self-cleaning patents are still being disclosed
indicating that self-cleaning coating’s potential is tremendous and their market is truly
global1.

.

.
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3.3 Photocatalysis
The focus of this thesis is hydrophilic coatings that in addition to using flow of water to
wash away dirt, chemically breaks down dirt when exposed to light, a process known as
photocatalysis.
The remarkable ability of TiC>2 to degrade almost any organic molecule under UV
illumination in a coating is due to the function of the semiconductor photocatalytic
material, which provides the ability to drive oxidation of organic pollutants by oxygen,
and destroy biological materials such as bacteria, viruses and moulds as shown in Fig.3.1.
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Photocatalytic reactions of TÌO2 require the presence of adsorbed radicals from air or
water on the TÌO2 surface. These atomic radicals have a free unpaired electron, which are
formed upon reaction with an adsorbed molecule such as O2 or H2O, and a
photogenerated charge carrier when exposed to UV light from an electron-hole pair
generated on the surface of TÌO2 . The specific mechanism of this photocatalytic reaction
is described as follows:
First, TÌO2 adsorbs radiation and produces an electron and a hole:
TÌO 2 + hv —►TÌO2* (e~ + h+)
Then the produced electron transfer from the adsorbed water to the electron-hole:
h+ + H20

*h o

absorbed

+ h+

Water dissociation into ions:
h 2o

^ h ++ o h -

,

Molecular oxygen acts as an acceptor species in the electron-transfer reaction:
e + 0 2 absorbed

*

0 2

Super-oxide anions can subsequently be involved in the following reactions:
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0 2' + H+ -+ H 0 2*

>

H+ + O2 + H 0 2* —*H2O2+ O2
Photoconversion of hydrogen peroxide gives more HO* free radical groups:
H2O2 + hv —* 2 HO*
Finally, HO* radicals oxidize any organic adsorbed pollutants on the surface of T 1O2,
converting them to CO2 and H2O .32
The rate of the competing phenomena between the generation and recombination of
positive and negative charge carriers by UV irradiation is believed to govern the
photocatalysis process.39 The high surface area of T 1O 2 leads to a higher density of
localized states, which contributes to the generation of more surface-adsorbed hydroxyl
radicals,

and

consequently

faster

generation

of

charge

recombination.

The

photogenerated charge carriers may transfer to the reactive species adsorbed on the
surface, rather than recombine. Thus, a good photocatalytic performance can also be
achieved when a high density of reactive adsorbed species exist.39

3.4 Visible-light photocatalysis
Anatase TiC>2 , which is the most photoactive phase of Ti02, absorbs ultraviolet light with
wavelengths shorter than 380 nm, which is only about 3% of the solar spectrum. Due to
this inherent limitation, solar energy cannot be utilized efficiently. Furthermore, the UV
component of direct sunlight is generally in the range of 2-3 mW/cm2. As a fluorescent
lamp mainly emits visible light, the content of ultraviolet light in indoor illumination is
significantly smaller than that in sunlight. Thus, this will be a significant problem if we
want to extend self-cleaning coatings into indoor usage. Therefore, it is highly desirable
to improve the TiC>2 nanomaterials in order to increase their optical activity by shifting
the onset of the response, which means lowering the band gap to shift absorption from the
UV to the visible region.36

The band gap is important because it indicates the thermodynamic limitations for the
photoreactions that can be carried out with the charge carriers, governs the thermal
population of the conduction band in its intrinsic state, and defines the wavelength
sensitivity of the semiconductor to irradiation.29 Thus even shifting the band gap onset by
as little as 10-20 nm would enable an enormous increase in the number of photons
available for photocatalysis and a obvious improvement in function.18
Attempts to improve the performance ofT iC >2 as a photocatalyst to extend its light
absorption and conversion capacity to the visible portion of the solar spectrum have
primarily been concerned with the effect of dopants. A wide range of metal ions
including Fe, Cr, V, Mn and Co can be added as dopants via coprecipitation or via the
sol-gel method. Among the various metal ions, due to the unique electronic structure and
size that closely matches that of titanium, doping with Fe has been widely used.36,40'43
Another separate approach to shift the absorption edge over a broader region is by
modifying TiC>2 with anions such as C, N, S, and F. For the synthesis of non metal-doped
Ti02,44^ 5 Asahi et al. showed that the substitutional doping of N was the most effective
among all anions for band gap narrowing, because N’s p states mixed with O 2p states.17,
::

46-48

3.5

Role of anatase and rutile

Naturally occurring TiC>2 has three polymorphs, i.e. brookite (orthorhombic), rutile
V

(tetragonal) and anatase (tetragonal). Although all three types of polymorphs are
expressed using the same formula (Ti02), their crystal structures are different. Though
the anatase phase forms at a lower temperature, rutile is thermodynamically the most
stable phase, which is used to block sunlight in many polymers such as polyurethane,
polyvinyl chloride, and in sunscreen. Both of these phases show photocatalytic activity
whereas the brookite phase does not. Anatase has a wider optical band gap of 3.2 eV,
which for rutile is 3.0 eV 49 Such characteristics would indicate that rutile is more
suitable for use as a photocatalyst due to its lower band gap for absorbing light of a wider
range. However, the anatase phase exhibits higher photocatalytic activity.50 Therefore,
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generally anatase is recognized as the major photoactive phase, while rutile is commonly
known as a low-active or in some cases non-active photocatalyst.
The anatase crystal phase usually forms at a lower temperature and shows higher surface
areas compared to the rutile phase. With a constant surface density of adsorbents, a larger
surface area will lead to faster surface photocatalytic reaction rates, which means the
higher the specific surface area, the higher the photocatalytic activity.19'23 Besides the
difference in the surface area, the difference in the energy structure between the two
phase types is another prominent reason for the difference in the photocatalytic activity.
Though the position of the valence band is deep and the resulting positive holes show
sufficient oxidative power in both phases, the conduction band in the anatase phase is
closer to the negative position than in the rutile phase. Therefore, the reducing power of
the anatase phase is stronger than that of the rutile phase.51 Furthermore, Sclafani and
Herrmann found qualitatively that the anatase phase was more efficient in creating
electron-hole pairs and photoadsorbing oxygen.52 Thus, the anatase phase exhibits higher
overall photocatalytic activity.

.

Though the anatase phase is the active phase in photocatalytic reactions, pure rutile does
have some activity, but its performance is related to the preparation procedure of the
photocatalyst, the nature of the precursor compound,53 and alsovto the nature of the
organic reactant.54
Because the anatase form of TiC>2 is more photoactive than rutile, an anatase powder with
a high degree of crystallinity and high surface area is important to improve the
photocatalytic activity.19"23 However, Li et al. hypothesized that the anatase and rutile
mixed phase could show better photocatalytic activity because any kind of solid-solid
interface is a key structural feature that facilitates the charge separation to hinder
recombination.24"25 Also, the mixed phase is beneficial in reducing the recombination of
photogenerated electrons and holes.55 In addition, it has been found that a 70:30 anatase :
rutile mixture makes the best photocatalyst for the oxidation of organics when titania was
applied to the treatment of wastewater.26 Furthermore, TiC>2 nanomaterials with high
crystallinity show superior photocatalytic activity, and usually high temperature treatment
14

improves the crystallinity of TiC>2 nanomaterials, which can induce the aggregation of
small nanoparticles and decrease the surface area.56'57 Therefore, it is essential to
investigate and control the microstructure of the titanium system.

3.6

Polyurethane coating and raw materials

The polyurethane (PU) coating industry has entered a , stage of stable progress and
advanced technological exploitation. Today, PU coatings can be found on many different
materials to help improve their appearance and lifespan. On automobiles, PU coatings
give the exterior high gloss, improved color retention, and enhanced scratch and
corrosion resistance. Different types of PU coatings are used in construction, where
building floors, steel trusses and concrete supports are spray coated to make them more
durable against environmental deterioration and less costly to maintain.
Polyurethanes are produced in the form of foamed plastics, structural elastomers and
coating elastomers, adhesives, leather like materials and auxiliary agents. Widely
modified performance properties result from the selection of different kinds of raw
materials, catalysts and auxiliary compounds, employing various production methods,
various processing methods, and shaping the final products whichTeads to a very wide
applicability of polyurethanes.58
Polyurethanes are polymers in which the principal chain structure is composed of
aliphatic or aromatic sections R1 and R2 linked together with polar urethane groups.

lA
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The main chemical reaction to obtain the urethane functional group is as follows:
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n0=C=N-Ri-N=C=0 + nOH-R2-OH - —-(-0-R2-0-0=C-NH-Ri-NH-C=0-)n
wherein Ri makes an aliphatic, aromatic or alicyclic radical derived from the isocyanate
(-NCO) monomer, and R2 is a more complex group derived from the polyol component
such as a polyether or polyester.
Usually, the synthesis of polyurethanes is carried out in two stages. The first stage is the
synthesis of a prepolymer containing free isocyanate groups, while in the second stage
the synthesized urethane-isocyanate prepolymer is further extended by means of a lowmolecular weight diol which has active hydrogen atom(s) called a chain extender.59
The reaction of diols with diisocyanates leads to linear polyurethanes, while
polyurethanes with three-dimensional cross-linking will be obtained when reacted with
multi-functional components such as tri- or polyol or tri-polyisocyanates.
The size of the final polymer (when there are no diffusion constraints) is controlled by
the molar ratio of the reacting functional groups: i.e. -NCO and -O H . Usually when a
prepolymer is synthesized, an excess amount of diisocyanate is added. Thus, when the
polyol component is added to diisocyanate, the molar ratio of the reacting substances is
determined by the obtained size of the isocyanate prepolymer. Polyurethane synthesis using a single-stage process is also possible. This method is
highly affected by the molar ratios of diisocyanate, polyol,and chain extender. However,
by using this approach, the chain structure is not as so precisely defined as with the
prepolymer approach.

3.6.1

Structure

Figure 3.2 below shows a schematic representation of an ideal primary structure of a
segmented PU. The segmented polyurethanes are block copolymers of the (AB)n type,
consisting of alternating hard and soft sub segments. The hard segment consists of the
diisocyanate, whereas the soft segment consists of the long chain diol and chain extender
as shown in Figure 3.2. Both aromatic and aliphatic hard segments have been previously
investigated and commercialized.59"64 This phase separation occurs because the mainly
16

non-polar low melting point soft segment is incompatible with the polar high melting
hard segment. The soft segment, which is formed from high molecular weight polyols,
are mobile and are normally present in coiled formation, while the hard segment, which is
formed from the isocyanate and chain extenders, are stiff and immobile.

Soft Sofimont

Haiti Sagmant

tong Chain Diol
-----------Diisocyartata

•

Urethane Group

Fig. 3.2 Schematic representation of an ideal primary structuré of a segmented PU65
The physical properties of PU coatings and foams are greatly affected by the, type,
composition and arrangement of the hard segment, soft segment, and chain extender. The
hard segment gives PU films superior tensile strength and hardness; while the soft
segment offers fine elasticity, abrasion resistance, flexibility and weather-ability. Due to
this specific micro-phase structure, by adjusting the formulation chemistry of rigid
segments and flexible chains, the polyurethanes can offer very good elasticity with
reasonably high mechanical strength and abrasion resistance simultaneously.
The segment length, crystallizability of either phase, hydrogen-bond density, overall
composition, and molecular weight are the key factors that influence the phase structure.
The ordering of the hard and soft domains is the key to control and achieve the desired
physical properies.64,66 For example, low molecular weight reactants result in hard and
stiff polymers because of a high concentration of urethane groups High molecular weight
polyols, or long-chain polyols with low functionality (1.8-3.0) as the main reactants can
produce soft and elastomeric polyurethanes with fewer urethane groups and more flexible
alkyl chains.67

3.6.2

Raw materials

For the manufacture of polyurethane polymers, two groups of at least bi-functional
substances are needed as reactants: i.e. compounds with isocyanate groups and
17

compounds with active hydrogen atoms. The polymerization reactions, ease of processing
and final physical properties of the finished polyurethane depend on the physical and
chemical character, structure, and molecular size of these compounds. In addition,
additives such as catalysts, surfactants, blowing agents, cross linkers, flame retardants,
light stabilizers, and fillers are used to control and modify the reaction process and
performance characteristics of the polymer.

3.6.2.1

Isocyanates

Isocyanates are highly reactive chemicals with two or more -N = C = 0,groups in the
molecule. Isocyanates are especially reactive to nucleophilic reagents, which is mainly
due to the pronounced positive character of the C atom in the cumulative double bond
sequence consisting of nitrogen, carbon and oxygen, especially in aromatic systems.
When isocyanates are reacted with -O H and -N H functional groups, they can create
several different products, including desired products and side products formed in
different amounts. The basic reactions of isocyanates with different reagents are shown as
follows:
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Different structures of polyisocyanates can be used as suitable building blocks to prepare
PU coatings, such as aromatic, aliphatic, cycloaliphatic or polycyclic isocyanates.
Different diisocyanates contribute to the PU properties in different ways. Aromatically
linked isocyanate groups are much more reactive than aliphatic ones, and more
economical. But for UV stable coatings, only aliphatic isocyanates can be used, as the
polyurethanes obtained with aromatic diisocyanates are easily oxidized leading to color
change of the products i.e. yellowing.59 This oxidation is extremely disadvantageous
particularly in the case of polyurethane coatings.
Toluene diisocyanate (TDI) and diphenylmethane diisocyanate (MDI) are the two most
widely used aromatic isocyanates, and are used extensively in the manufacture of
polyurethane foams. Their structures are as follows:
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(a) TDI

; (b)MDI

Fig. 3 .4 Structure of toluene diisocyanate (TDI) and diphenylmethane diisocyanate
.

(MDI).

;

Aliphatic and cycloaliphatic isocyanates are mainly used to produce light-stable, non
yellowing polyurethane coatings and elastomers with the most important examples being
1,6-hexamethylene

diisocyanate (HD1),

trimethyl-cyclohexane

(isophorone

l-isocyanato-3-isocyanatomethyl-3,5,5diisocyanate,

IPDI),

and

diisocyanatodicyclohexylmethane (H 12MDI). Their structures are shown as follows:

?

//

(a) HDI

4.4’-

O.

O

N

N
(c) H,2MDI

Fig. 3 3 Structure of 1,6-hexamethylene diisocyanate (HDI), l-isocyanato-3isocyanatomethyl-3,5,5-trimethyl-cyclohexane (isophorone diisocyanate, IPDI), and
4.4’-diisocyanatodicyclohexylmethane (H 12 MDI).
Among these different isocyanates, H 12MDI prepolymers are the best choice to produce
high performance coatings and elastomers with optical clarity and hydrolysis resistance,
hence were chosen for this project.

3.6:2.2 Diols/polyols
Compounds with two or several hydroxyl functions in the molecule are very important
components for the formation of polyurethanes. The polyol component of the
polyurethane can be a poly-functional polyether polyol, polyester polyol, acrylic polyol,
polycarbonate polyol, castor oil or a mixture of these. Polyether polyols are made by the
reaction of epoxides (oxiranes) with active hydrogen containing starter compounds, and
polyester polyols are made by the polycondensation of multifunctional carboxylic
acids and hydroxyl compounds.
The use of high molecular weight polyols, or long-chain polyols with low functionality
(1.8-3.0) as the main reactants can produce soft, and elastomeric PU with fewer urethane
groups and more flexible alkyl chains. Short chain polyols of high functionality (greater
than 3) lead to a more rigid, or cross-linked PU product.67 Commonly, flexible polyols
have molecular weights from 2,000 to 10,000 g/mol, but rigid polyols have molecular
weights from 250 to 700 g/mol.

" ‘
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3.6.3

Chain extenders and cross linkers

Chain extenders (f=2) and cross linkers (f=3 or greater) are low molecular weight
hydroxyl and amine terminated compounds that play an important role in the polymer
morphology of polyurethane coatings, elastomers, adhesives, and foams. The choice of
chain extender also determines the flexural, heat, and chemical resistance properties of
the PU polymer.

3.6.4

Catalysts

Catalysts are added to allow the reaction to take place at a rapid rate, and at lower
temperatures. Therefore, the reaction rate is not only influenced by the temperature of the
raw materials and their structures, but also by choice of a suitable catalyst. For
polyurethane formation, catalysts can be classified into two broad categories, amine
compounds and organo-metallic complexes.
Traditional amine catalysts are tertiary amines such as triethylenediamine (TEDA), also
known

as

1,4-diazabicyclo

[2.2.2]

octane

or DAB CO, triethyl

amine

(TEA),

dimethylcyclohexylamine (DMCHA), and dimethylethanolamine (DMEA).
Organometallic compounds based on mercury, lead, tin (dibutyltin dilaurate or DBTDL),
'v
bismuth (bismuth octanoate), and zinc are also used as catalysts for polyurethanes. The
most popular types used in polyurethane applications are alkyl tin carboxylates, oxides
and mercaptides oxides. Dibutyltin dilaurate, the catalyst chosen for this project, is
commonly used in polyurethane paint and coating applications.67

3.7

Inorganic/polymer nanocomposites

Inorganic/polymer nanocomposites are a relatively new class of materials, with the
nanoparticles in the polymer providing improved physical, mechanical and weathering
properties.

Moreover, compared to other potential photocatalytic substrates such as

glass and ceramic tiles, polymers have many special advantages, including flexibility,
low weight, low cost, impact resistance, and easy shaping. However, the relatively low
thermostability restricts polymers’ usage as substrates. The temperature to produce
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nanocomposite films is too high for the most common polymers, which would melt or
even degrade under such processing conditions. Therefore, TiC>2 coating on polymer
substrates is still in the early stages of development.
Due to its ability to effectively photodegrade organics, and retard the photoaging of
polymer under UV irradiation, TiC>2 is an important nanofiller compared with silica, clay,
and carbon nanotubes.72 TiCVpolyurethane nanocomposites have been prepared by many
methods including an organic-inorganic hybrid technique,73 a combination of solvent
evaporation, wet phase inversion, and organic-inorganic hybridization methods,74
physical incorporation method,71 in situ RAFT polymerization method,70 and plasma
enhanced atomic layer deposition method.51
Due to the large ratio between the surface area and particle size, and the low interaction
and incompatibility within the polymer substrate, the nanofiller has a strong tendency
towards aggregation and agglomeration in the polymer substrate as shown below.

Matrix Polymer

Nanoparticle

(a)

(b)

Fig. 3.6 Schematics of: (a) agglomerated nanoparticles in the matrix polymer (b)
separation of particles due to the grafting polymer.75
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Many efforts have been undertaken in order to overcome this agglomeration problem, to
enhance the nanofiller-polymer matrix interactions, and to distribute the nTi02 particles
evenly throughout the polymer matrix. One approach is breaking down the agglomerated
nanoparticles using a mechanical shear force such as ultrasonic irradiation.

‘ ’

However, this approach is limited since the interaction of the individual nanoparticles is
stronger than the interaction between the inorganic fillers and the organic matrix.
Surface modification, such as silane modification,71 is another method that has been
investigated. Instead of enhancing the properties, some of the nanocomposites
synthesized by this method possess poorer properties than those of the pure polymer. This
is because of a lack of chemical bonding between the nanofiller and polymer substrate,
which also leads to poor dispersion.
The only method that has chemical attachment between nTiC>2 and polymer substrate was
prepared by Xiang-Chen Che70 who used the same in situ RAFT polymerization idea as
from the Charpentier’s previous work.77
Grafting methods can accomplish stable chemical attachment between nanofillers and
polymer substrates. These methods can occur via either “grafting to” or “grafting from”
methods. The “grafting to” method is the functionalization of a polymer chain directly to
the surface of a nanoparticle. Due to the limited free volume of the polymer chain, and
low concentration of chain ends, the efficiency of this chemical “grafting to” method is
very low.

.

The “grafting from” method can be considered as a monomer method. First, the monomer
(or initiator) is chemically attached to . the nanoparticles, and then through any of a
number of standard polymerization methods,, the growing polymer chain propagates
outwards into the solution. Low molecular weight monomer molecules can diffuse
rapidly to the surface of the nanoparticles compared to a polymer chain. In addition, the
surface density and ratio between the nanofillers and polymer substrates can be controlled
easily by varying the amount of initiator immobilized to the surface. It has been shown
that the “grafting from” method can achieve more even distribution of nanofillers, more
24

stable chemical bonding, and better properties than the “grafting to” method from our
groups’ previous work.78'79
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Chapter 4

Properties

Nanofillers, such as titania (nTi02) have a strong tendency for aggregation and
agglomeration in a polymer substrate due to the large ratio between surface area and
particle size, and the nanoparticles low interaction and incompatibility within the polymer
substrate. Many efforts have been undertaken in order to overcome this agglomeration
problem, to enhance the nanofiller-polymer matrix interactions, and to distribute nTi02
evenly within the polymer matrix.
One approach is breaking down the agglomerated nanoparticles using mechanical shear force
such as ultrasonic irradiation.1"5 However, this approach is limited since the interaction of
the individual nanoparticles is stronger than the interaction between the inorganic fillers
and the organic matrix.
Another method is the functionalization of these nanoparticles to aid in the breaking up of
these agglomerates. Grafting methods can accomplish stable chemical attachment
between the nanofillers and the polymer substrates. These methods can occur via either
“grafting to” or “grafting from” polymerization methods. We applied the “grafting from”
polymerization method to synthesize the PU/Ti02 coatings, which achieves chemical
attachment between the monomer (or initiator) and nanoparticles. Then through standard
polymerization methods, such as the utilized step-growth method, growing polymer chain
propagates outwards from the nanoparticles into the solution.
According to our group’s previous work, when comparing the two techniques for
preparing PU/Ti02 coatings, the “grafting from” monomer functionalization method
exhibited better dispersion of Ti02 nanoparticles in the PU matrix than the “grafting to”
polymer functionalization method. Polyurethane produced by the “grafting from” method
showed an increase of the thermal properties, an increase of the amount of active sites for
photocatalysis, and a decrease in the self-degradation of the resulting polymer
nanocomposite. Thus the “grafting from” monomer polymerization method was used to
synthesize the PU/TiCh coatings.6
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4.1
4.1.1

Introduction
Anti-bacterial Property Test

Mustunaga in 1985 first reported that microbial cells in water could be killed by contact
with Pt-Ti02 photocatalyst under irradiation with UV light for 60-120 min.7 This finding
not only led to a new method for water sterilization, but also a wide interest in studying
the anti-microbial properties of Ti 0 2 on a variety of microorganisms such as viruses,
bacteria, fungi, and algae.8 The mechanism for anti-bacterial action is shown as follows.9

moulds
Fig. 4.1 Schematic diagram of photocatalytic process showing the principle of anti
bacterial property.
In the photocatalytic process using TiC>2, various highly reactive oxygen species (ROS)
generated can oxidize organic cells adsorbed to the TiC>2 surface, resulting in the death of
the microorganism and bacteria.7'8,1013 Among these ROS, the hydroxyl radicals are the
most reactive but are short-lived. Gogniat et al. pointed out that the aggregation of
bacteria on TiC>2 particles is the key step in photokilling because hydroxyl radicals have
an extremely short lifetime (1(F9 s) and must be generated near the cell membrane.14 The
antibacterial effect of Ti0 2 has been attributed to the decomposition of the bacterial outer
membrane primarily by hydroxyl radicals, which leads to phospholipid peroxidation and
ultimately cell death.8,13 The superoxide ions are relatively longer lived compared to the
hydroxyl radicals, but they cannot penetrate the cell membrane due to their negative
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charge. They must directly contact the outer surface of the bacteria unless the TiC>2
particle can penetrate the cell. Hydrogen peroxide is less harmful compared to hydroxyl
radicals and superoxide ions, but it can more easily enter the cell resulting in damage to
the bacteria.15 However, the decomposition and damage process of the cell wall and the
cell membrane, and which species are directly involved in the damage to bacterial cells,
or which species contribute more among these reactive oxygen species, have not been
clearly investigated.
Several factors contribute to the anti-bacterial properties, i.e. smaller size of the nTiC>2
particle, larger surface area, larger absorbed energy, and the number of active sites for
carrying out catalytic reactions, can all increase the anti-bacterial properties.10
There are several conjectures about the mechanism of anti-bacterial action achieved by
the photo-killing activity of Ti0213' 18. The general scheme for the photocatalytic damage
of microorganism cells by TiC>2 photo-catalytic properties involves these steps: l9i
1. The photoexcited TiC>2 catalyst produces electron-hole pairs that migrate to the TiC>2
surface;
2. Photogenerated holes in TiOz can react with adsorbed H2O or OH' at the water
interface to produce highly reactive hydroxyl radicals and electrons that can react with
oxygen vacancies to form superoxide ions;
3. Finally, the various highly active oxygen species generated can oxidize cells adsorbed
or attached to the Ti0 2 surface, resulting in the death of the microorganism.
In addition to this general mechanism, the Sunada research group reported 15 direct
evidence of cell membrane damage by the irradiation of a thin transparent TiCh film to
examine the photocatalytic degradation of endotoxin from E. coli. The endotoxin is a
component of the outer membrane of Gram-negative bacteria and is released only when
the cellular structure is destroyed. A two-step reaction mechanism for photokilling of
intact cells according to the change in concentration of the cell envelope was proposed by
Sunada et al., in which the first step is the disordering of the outer membrane of E. coli
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cells on the illuminated TiC>2 film, with the disordering of the cytoplasmic membrane
(inner membrane) occurring in the second step.13,17 Panda also found direct evidence of
damage to the outer membrane of the cell wall from SEM images.20
Huang et al. pointed out a detailed mechanism that the initial oxidative damage took
place on the cell wall first, with the oxidative damage then taking place on the underlying
cytoplasmic membrane. Damage to the cell membrane directly leads to leakage of
minerals, proteins, and genetic materials causing cell death.18 Another similar mechanism
of cell killing of E. coli on Ti02 thin films was investigated on the damage process to the
cell wall and the cell membrane by AFM.16 Lu et al. believed the cell death was caused
by the decomposition of the cell wall first, and subsequently decomposition of the cell
membrane, resulting in an increase of permeability leading to cell death.
Several different methods can be conducted to perform the anti-bacterial property tests,
such as the drop test method21"22, drop method in solution phase, or on coated glass
substrates10; agar-diffusion method, and mix method; spread-plate method23, and shake
flask testing method.24
Using these methods, the most often used bacteria are E. coli, which are a Gram-negative
bacterium. This bacterium has only a thin layer of peptidoglycan and a more complex cell
wall with two cell membranes, an outer membrane, and a plasma membrane. The
addition of the outer membrane of the Gram-negative bacteria cells influences the
permeability of many molecules. Under certain conditions, Gram-negative bacteria are
more resistant to many chemical agents than Gram-positive cells.10
As described earlier, our anti-bacterial coatings can be applied to a variety of surfaces
such as the floors and walls of hospital operating rooms, food processing operations, etc.
where sterile conditions are crucial. After using the coatings, the bacterial counts on the
wall can potentially decrease to negligible levels in a relatively short period of time.

4.1.2

Self-cleaning Property Test

TiC>2 can induce photocatalysis by absorption of ultraviolet (UV) radiation which was
first realized from the discovery of the Honda-Fujishima effect.26 T 1O2 is considered as
36

the most efficient semi-conductor for several of the electronic and chemical processes
that are involved in photocatalytic reactions. When TiC>2 is exposed to irradiation
exceeding its band gap (anatase: 3.2 ev; rutile: 3.0 ev), normally in the UV region when
A<387nm, the light can generate an electron-hole pair that can either recombine or react
with thesurface species in the process of photocatalysis. Therefore, the photogenerated
electrons reduce oxygen to water, and the photogenerated holes mineralize the organic
pollutant or bacterium. Applications include: water or air purification, self-cleaning
materials, and photo electrochemical cells are based on this remarkable ability of TiC>2 to
degrade almost any organic molecule under UV light or visible light illumination.
Fig. 4.2 illustrates the photooxidation reaction of an organic pollutant on the nTiC>2
surface.

Fig. 4.2 Schematic illustration of the photooxidation of an organic pollutant on a
photocatalyst surface9.
Usually the reaction is the oxidation of an organic compound by oxygen that can be
shown as follows:

h v » b a n d g a p ®:nergy an d se m ico n d u cto r

organic pollutant + 02 ——----;------— ——----- . . .

.— >C02 + H20 + minerals

In previous studies of the self-cleaning property of pure TiC>2 film by other researchers,
stearic acid was used as the organic dirt to be mineralized.27'32 The melting point of
stearic acid is nearly 70°C, which is markedly above room temperature, in consequence,
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stearic acid forms solid films when deposited by a spin-coater on the substrate under
examination. Due to the asymmetric in-plane C-H stretching mode of the CH 3 group and
the asymmetric and symmetric C-H stretching modes of the CH 2 groups, stearic acid has
prominent peaks at 2957.5 cm-1, 2922.8 cm"1, and 2853.4 cm"1 respectively.28 Therefore,
through the disappearance of these peaks, the destruction of stearic acid can be monitored
by FTIR spectroscopy.
Other kinds of organic dirt have also been investigated. Jussi Kasanen et al. studied the
photocatalytic activity and self-cleaning property of T i0 2 using multilayer coatings
fabricated on polymer surfaces with palmitic acid, whose degradation was confirmed by
contact angle and gas chromatography analysis. Initially,; the surface was super
hydrophobic, and after UV illumination for 24h, the surface of the coating with palmitic
acid changed back to super hydrophilic, suggesting that palmitic acid was degraded.1 4chlorophenol was also chosen as a compound representing stains to investigate the self
cleaning properties.2’33'34
A variety of deposition techniques can be applied to produce the nanocrystalline T i0 2
films. Almost exclusively they are produced by the sol-gel process, in which titanium
isopropoxide reacts in a controlled manner with water.35 Also, the commercially more
established process of CVD (chemical vapour deposition) is widely used to produce
nanocrystalline films of T i0 2.28 Other than these two methods, spin-coating1, spray
pyrolysis36, hydrothermal synthesis37, sputtering38, pulsed laser deposition (PLD)39, and
atomic layer deposition (ALD)2 have also been widely used to produce deposited thin
T i0 2 films.
Soda lime glass, ceramics panes, steel and fused quartz are the main types of substrate
used for the nanocrystalline films of T i0 2. A. Heller found that using a wavelength of
365 nm gave greater photoefficiency and photoactivity on quartz compared to glass due
to diffusion of sodium oxide from glass into the inner glass-contacting zone of a T i0 2
layer.

Due to the need for high temperatures to obtain crystalline T i0 2, and the

limitation of the photocatalytic degradation of organic substances, compared to substrates
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such as glass and ceramic tiles, Ti 0 2 coating on polymer substrates is still in the early
stages of development.

4.2

Experimental

4.2.1
4.2.1.1

Synthesis of polyurethane/Ti02 coating
Materials

All chemicals were purchased from Sigma-Aldrich (Mississauga, ON). 4,4 - diisocyanato
dicyclohexylmethane

(H 12MDI);

Poly(tetrahydrofuran) (PTHF) with an average

molecular weight of 1000 Daltons was heated at 110°C under vacuum to remove all
moisture; 2,2-DimethyIolpropionic acid (DMPA) was heated under vacuum at 100°C to
remove any absorbed moisture; Dibutyltin Dilaurate (DBTDL) as catalyst; Titanum (IV)
oxide nanopowder (Ti02) of pure anatase form, pure rutile form, and P25 which consists
of 80% anatase form and 20% rutile form; Toluene anhydrous, 99.8%, N

N-

Dimethylform amide (DMF) were all used as received.

4.2.1.2

Experimental setup

The polyurethane (PU) synthesis experimental setup is shown in Fig. 4.3, where a fournecks, round bottom flask equipped with a mechanical stirrer> a nitrogen inlet, a
condenser and a thermometer was used to: a) heat the Poly (tetrahydrofurari) (PTHF)
under vacuum to remove all the moisture, b) mix the solvents, reactants and products
during polymerization, c) measure the temperature of the mixture, d) provide a purge
stream of nitrogen to avoid any entrained moisture in the air that could quench the
reaction.
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Fig. 4 3 Polyurethane/Ti02 synthesis lab setup.
All of the glassware was dried in an oven at 120 °C prior to use. A Fuji electronic
temperature controller (J-KEM® Scientific Gemini-2) was used with fuzzy logic to
control the temperature of the reaction, typically controlled between 80-85 °C.

4.2.1.3

Polyurethane/nTi02 Synthesis Procedure

The segmented polyurethane/TiC^ coating was synthesized using H 12MDI and DMPAT i0 2 as the hard segment and PTHF as the soft segment.
PTHF was heated at 110°C under vacuum to remove any moisture, helping minimize any
H 12MDI reacting with water.
H 12MDI was reacted with PTHF at a molar ratio of 2:1 under nitrogen gas, solvent
(toluene and DMF) and catalyst (DBTDL) at 85 °C for 3 hours and was constantly mixed
by mechanical stirring to create the polyurethane prepolymer. As PTHF has a relatively
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high molecular weight and is insoluble in most oxygenated solvents, a mixture of
DMF/toluene at 1:1 volume ratio was used as the reaction medium. Dibutyltin Dilaurate
(DBTDL) was used as the catalyst at a wt% of 0.001.
DMPA-TÏ02 was synthesized as follows: after calcination, lg of Ti (>2 samples of
different ratios of anatase/rutile, 4g of dried DMPA, and 45 ml of iso-propanol were
mixed in a 250 ml round bottom flask with the aid of ultrasonic for lh, then the dispersed
solution was reacted at 80 °C under Nitrogen with constant magnetic stirring at 350 rpm
for 24h. The particles were recovered by centrifugation at 8000 rpm for 8 min. The
particles were then re-dissolved in a methanol solution and re-precipitated by
centrifugation and repeated until the solution was clear. The resulting solid products were
dried overnight under vacuum at 80 °C.40
DMPA-TiC>2 was added as the chain extender to react with the diisocyanate terminated
prepolymer at a

1:1 molar ratio for 4 hours to produce the self-cleaning

polyurethane/TiC >2 coating.

;

Scheme 4.1 Polyurethane/TiC>2 synthesis procedure.
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4.2.1.4

UV-Vis Spectra Measurements

The pure PU and PU/TiC>2 films were measured using a Shimadzu® UV-3600 with
absorbance and transmittance spectra in the wavelength range of 200-600 nm at room
temperature. The thickness of the film d was controlled by the volume of the coating V,
the solid content C, and the area of the Teflon plate S as follow: d = V/S*C.

4.2.2
4.2.2.1

Anti-bacterial Property Tests
Materials

Polyurethane/nTiC>2 coatings were synthesized with the monomer functionalization
method ("grafting from" polymerization), as described in our groups’ previous work.41
The model bacterial strain used in this anti-bacterial study was E. coli (Escherichia coli),
which is a Gram-negative bacterium. Luria broth (LB) and agar were used as sources for
culturing E. coli at 37 °C on a rotary platform in an incubator.
The PU/nTi02 coatings was placed on a Teflon plate and dried at room temperature for 1
day, then dried at 80 °C for 12 hours to obtain the film for subsequent analysis.
The stored E. coli were grown in a liquid nutrient medium in a culture tube and cultivated
in a shaking incubator at 200 rpm and 37 °C overnight. The cultures were harvested by
centrifugation at 3000 rpm for 10 min and washed three times with PBS buffer. Cell
suspensions with an E. coli concentration of approximately ~ lx l0 5 colony forming units
(CFU)/ml were obtained by observing their optical density (OD) at 600 nm using UV/Vis
spectra. Cell suspensions were kept at 4 °C to minimize potential bacterial growth. The
cell suspension pH ranged from 7.0 to 7.2.

4.2.2.2

Anti-bacterial studies

Anti-bacterial behavior was analyzed by sterilizing the coatings, then inoculating with an
E. coli stock solution. The samples were then irradiated for timed intervals with the
number of viable bacteria determined by colony counts (CFU). The anti-bacterial
properties of the coatings are given as the survival ratio, i.e. a ratio of the survival
number of the bacteria to the initial number of the bacteria.
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Photo-antibacterial property of the illuminated PU/T1O2 coating was evaluated as follows,
E. coli cells were pre-cultured as stated above. Then the treated E. coli cells were re
suspended and diluted to ~ lx l0 5 colony forming units (CFU)/ml with PBS. 1500//1
diluted cell suspension was pipetted onto a PU/TiCVcoated Teflon plate, which was
placed in an airtight illumination chamber to prevent drying (Scheme 4.2). The chamber
was illuminated with a 100W UV lamp (BLAK-RAY® model: B 100AP) or a Solar
Simulator (150W Model: 92250A-1000).
The cell suspension was retained as water droplets instead of evaporating due to the
airtight chamber. After being illuminated for a certain period of time, 200 ]A of the 1500
]i\ cell suspension was collected and pipetted onto the nutrient agar medium in a Petri
dish, and then incubated at 37°C for 24h to determine the number of visible cells in terms
of CFU using Image J Software.7"8,1?-19*.21' 23,25 The survival ratio of the bacteria was
determined by the ratio of surviving bacteria on the sample and the initial number of
bacteria on a control sample.

UV light

Scheme 4.2 Schematic illustration of the illumination system for anti-bacterial test.
Two control experiments, photo-killing of bacterial .cells in the absence of PU/Ti02
coating under light illumination, and a dark control experiment without light illumination
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were designed and performed to prove that the UV illumination and PU/TiC>2 coating are
both necessary for the anti-bacterial property.
(a) Light (-I-) P U m 0 2 ( - )

45mins

A 200//1 sample of the cell suspension was pipetted onto the nutrient agar medium in a
Petri dish directly, then illuminated under light for 45 min, without putting on the
PU/TiC>2 coating in advance.
(b) Light ( - )

PU/Ti02 ( + ) 45mins

;

A 1500/d sample of the cell suspension was pipetted onto the PU/Ti02-coated Teflon
plate without light illumination for 45 min, and then a 200/d sample of the cell
suspension was collected and pipetted onto the nutrient agar medium in a Petri dish for
the incubation.

4.2.2.3

Irradiation

Two different sources of light were examined, i.e. a solar Simulator and UV lamp in a
comparative study. The Solar Simulator (150W Model: Newport Scientific 92250A-1000)
was placed 40cm from the film, with the intensity of UV light of 5.8mW/cm2, the power
supply was Newport® 69907. Then a 100W UV lamp (BLAK-RAY® model: B lOOAP)
was placed 5cm from the film, giving approximately 3.7mW/cm2 on the surface of the
\

film, with the strongest irradiation at 365±20 nm UV light. The relationship between
intensity and wavelength from 200 to 800nm was investigated using a UV-Vis
spectrometer (StellarNet® model: EPP2000C-25LT16).

4.2.3

Self-cleaning Property Test

4.2.3.1

Methods

Photocatalytic activity that leads to the self-cleaning property, of the PU/Ti02 films were
examined by monitoring the degradation of “dirt” on the surface using FTIR
spectroscopy. DMPA and stearic acid were chosen as the model compounds for “dirt” to
test the self-cleaning ability of PU/Ti02 films.
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The PU/nTiCh coating was placed on a Teflon plate and dried at room temperature for 1
day, then dried at 80°C for 12 hours to obtain the film.
In the first method, an addition of 10% excess DMPA was mixed into the lwt% PU/TiC>2
composite coating as the “dirt” model compound. Using ultrasonic for lh to disperse, and
deposit on a glass substrate by spin-coating at a rotation speed of 200 rpm for 8 sec, then
dried at room temperature for l h.
In the second method, stearic acid was also examined as the model organic compound for
“dirt”. The self-cleaning property test was done by the mineralization of stearic acid.
Stearic acid was deposited on a glass substrate by spin-coating from a solution in
tetrahydrofuran (THF) at a rotation speed of 2000 rpm for 2 min. In this work, the initial
concentration of stearic acid solution was 8 g/L.

4.2.3.2

Irradiation

The self-cleaning photocatalytic properties of the films were evaluated by examining the
oxidation and reduction reactions of excess dirt on the surface of the functionalized
polyurethane/Ti0 2 films under solar-like irradiation. The samples were irradiated
perpendicular to the light source, at a constant distance of 40cm with a solar simulator
(150W Model: Newport Scientific 92250A-1000), with the intensity of UV light of
5.8 mW/cm2, the power supply was Newport® 69907.

4.2.3.3

Characterization

Photocatalytic self-cleaning properties of the Ti 0 2 -containing films were investigated by
monitoring the degradation of “organic dirt” using FTIR spectroscopy.42 The
characteristic vibration bands of C-H bonds at 2923cm'1, 2853cm"1 (vas and vs stretching
mode of the CH2 group respectively) and 2957cm'1 (asymmetric stretching modes of the
CH3 group) were examined in the FTIR spectra of the samples. This method worked well
on the solid TiC>2 film with no other obvious functional groups’ peaks. However, for
PU/Ti0 2 films, which also had characteristic vibration bands of C-H stretching at almost
the same location, therefore the conventional way to use the spin coater to cast stearic
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acid in tetrahydrofuran (THF) as the organic film on the surface of PU/Ti0 2 -coated
substrates would no longer work.
Hence, stearic acid was deposited on a transparent glass slide by spin-coating from an
8 g/L stearic acid solution in tetrahydrofuran (THF) at 2000 rpm for 2min. Then the side

of the glass slide containing stearic acid was contacted with the surface of the PU/Ti02
film under solar irradiation for various lengths of time. The FTIR spectra of the stearic
acid before and after solar irradiation were recorded.
ATR-FTIR analysis was performed using a ATR-FTIR spectroscope (Nicolet 6700 FTIR),
connected to a computer, supported by Thermo Scientific Omnictm software, for the
examined films in the range of 500-4000 cm'1 with 32 scans for each sample to measure
and identify the variations of the functional groups and characteristic peaks.

4.3 Results and discussion
4.3.1
4.3.1.1

Comparison of PU coating and P U /Ti02 coating
FTIR Study

Fig. 4.4 shows the FTIR results comparing the virgin PU film and the PU/nTi0 2 film
upon synthesis according to Scheme 4.1. The spectrum with a prominent peak between
500 and 1000 cm '1 is the Ti-O-Ti peaks in the spectra of PU/Ti0 2 . The Ti-O-Ti oxo
bonding peaks shows the existence of nTiC>2 using DMPA as the bifunctional linking
agent. Comparison of the characteristic functional group peaks in Table 4.1 shows that
the coupling of TiC>2 into the polyurethane coating would not affect the existence of the
functional groups of the polyurethane coating.
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Fig. 4.4 FTIR of polyurethane and polyurethane/nTiC^ coating
Table 4.1 Characteristic ATR-FTIR transmission frequencies in polyurethane and
polyurethane/nTiCh coating
Frequency (cm-1)___________ ______Main assignment______________
3322
N-H
2933, 2855
C-H
1714
C=0
1529
CO-NH
1110
C-O-C
500-800
Ti-O-Ti

4.3.1.2

UV-Vis spectra Measurement

The optical transmission properties of pure PU film and the PU/Ti0 2 nanocomposite film
were examined with UV-Vis spectra as shown in Fig. 4.5. For the pure PU film, there is a
sharp increase between 375 and 400nm, with almost 100% transmission in the visible
range from 400 to 600nm, and zero transmission, occurred from 200 to 375nm. For the
PU/Ti0 2 film, the transmission spectrum red-shifted to the visible light region relative to
the pure PU film, with more visible light absorbed below 600nm.
From the band gap energy calculation formula of Eg=h x CIX,
where h = Planck’s constant = 6.626 x 10"34 Joules * sec;
C = speed of light = 3.0 x 108 meter/sec;
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X = cut off wavelength,

From Fig. 4.5, we can calculate from the data that X?\j = 391.0 x 10 9 meters, X,pu/Ti02 =
407.4 x 10 9 meters, and lev = 1.6 x 10~19 Joules
Therefore, Eg.Pu= 3.18 ev, and

E gpil/Ti02 =

3.05 ev

Thus the chemical attachment of nTiC>2 to the PU film reduced the band gap, increased
the absorption ability of visible light, and enhanced the optical property of the film.

Fig. 4.5 UV-Vis Spectra of Pure PU film and PU/Ti(> 2 film.

4.3.2

Comparison of P U /nTi02 coating via physical mixture and
“grafting from” polymerization method

The comparison of PU/TiC>2 coating formed via the physical mixture method in terms of
ultrasonic irradiation and “grafting from” polymerization method is shown from the
following partitioning study, SEM images, EDX mapping analysis as follows.

4.3.2.1 Appearance
Fig. 4.6 shows the comparison of PU/nTiC>2 coating prepared using a simple physical
mixture and “grafting from” method on standing after 6 weeks. Due to the chemical bond
between polyurethane and nTiC>2, which was achieved by coordination of DMPA (2,248

Dimethylolpropionic acid), even after 6 weeks standing, this direct attachment to the
polymer chains still allows excellent dispersion of the nTiC>2 throughout the polyurethane
matrix (Fig. 4.6 right). Upon a physical mixture of polyurethane coating and nTi02 via
ultrasonic for lh, the nTi02 was well dispersed at first, but after standing for 6 weeks or
longer, most of the nTi02 was precipitated and settled to the bottom (Fig. 4.6 left). Thus
in practical application, this precipitate would definitely affect the properties and quality
of the PU/nTiC>2 coating, while the novel PU/nTiC>2 coating synthesized via the “grafting
from” polymerization method should prevent these problems, The nTiC>2 was well
dispersed throughout the polymer matrix, and stable enough not to precipitate after at
least 1 year.

Fig. 4.6 Image of PU/nTi02 coating on standing after 6 weeks. PU/nTiCh coating via
physical mixture method and ultrasonic for lh (left). PU/nTiCh coating via grafting
from method (right).

4.3.2.2

SEM Images

Fig. 4.7 shows the SEM images of the PU/nTiC>2 film formed via the physical mixture
method (a), and “grafting from” polymerization method (b) under the same magnification
of 50pm scale. From these images we can easily see that many small particles of nTiC>2
existed on the surface of PU/nTiC>2 film via the physical mixture method. This indicates
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that the nTi0 2 particles are agglomerating due to being poorly sterically stabilized.
However under the same magnification, we can hardly see any obvious particles on the
surface of the PU/nTi0 2 film synthesized via the “grafting from” polymerization method.
This method facilitates nanoparticles dispersion. The SEM images also show that the
PU/nTiC>2 film formed via the “grafting from” polymerization method could accomplish
perfect dispersion of nTiC>2 in the polymer matrix, which will enhance the self-cleaning
property and anti-bacterial property, as described later.

'v

50

;

<

'
/P

•

/

'Y ' '

%
, V
■
<

" -

>-/>'>

■*

'/p

■
^

s

,

.

*

■ y Y ;> :v
. ■.
■ ’Y

-

; ; * *
'
* *>

' -

‘Y

;
'*
.V ?
.

2 4 -Ju n -1 0

Y

Y

*■.

:

S

9

* .

SE

' ,

.» •

- '•
Y-

<* ‘

jr

-

<

*

. ' Ay

■

^

...f

■’:
*

>*

] -

>

**
'

0 1 4 3 1 2 WD 5.4mm 5 . OOkV x 6 0 0

"r ,
50um

V

(a)

(b)

Fig. 4.7 SEM image of PU/nTiC>2 film synthesized via a physical mixture method (a),
and “grafting from” method (b) under the same magnification of S O fim scale.

4.3.2.3

Element Analysis-Mapping

The SEM-Mapping images also help us understand the distribution of the element Ti,
which comes from nTiC>2, in the PU/nTiC>2 films. In Fig. 4.8, the first two images are the
SEM-Mapping images of PU/nTi0 2 film synthesized via the physical mixture method
(a)(b), while via the “grafting from” polymerization method are shown in the images of
51

(c)(d). Similar to the SEM images, an excellent distribution of Ti in the PU/nTi02 film
was achieved via our novel “grafting from” polymerization method.

(c)

(d)

Fig. 4.8 SEM-Mapping images of PU/nTiCh film via a physical mixture method
(a)(b), and “grafting from” polymerization method (c)(d) under the same
magnification of 100pm scale.
Melt mixing and solution blending are the two most commonly used methods to prepare
polymeric nanocomposites to facilitate uniform dispersing of nanoparticles within the
polymer matrix. Previously it was shown that even after nTi02 particles were surface
modified with silane as the surface-coupling agent, due to the high surface area, strong
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hydrogen bonding and high surface free energy, many larger aggregates were observed in
nanocomposites films. Even more aggregation and poorer dispersion nTi0 2 particles
were observed using unmodified nTi0 2.43 From the method described in this work, for
preparing nanocomposite coatings, excellent dispersion of the nanoparticles without any
aggregation in the polyurethane matrix, and excellent optical properties could be
observed from the appearance, SEM and Mapping images.

4.3.2.4

Conclusion

The PU/TÍO2 coatings prepared via the simple physical mixture method in terms of
ultrasonic irradiation and “grafting from” polymerization method were compared from
the appearance, SEM images, and EDX-mapping analysis which indicated that the
“grafting from” method can solve the agglomeration problem and maintain the stable
chemical link between the nanofiller and polymer substrate.

4.3.3

Anti-bacterial Property

The anti-bacterial property of PU/TÍO2 films using both a solar simulator and UV lamp
were tested by treating E. coli on the surface of the PU/TÍO2 films under various light
illumination time treatments are described as follows.

4.3.3.1

Solar Simulator

Control experiment
A control experiment was designed and conducted to guarantee that the E. coli cells
could survive well under solar illumination alone for 45min. Fig. 4.9 gives the
comparison between control experiment and anti-bacterial test results. From the left
image (a), the Petri dish was fully covered with E. coli cells after 45min solar irradiation
on the surface of virgin PU film. However, only 0.3% percentage of bacteria still
survived under solar irradiation for 45 min on the surface of PU/TÍO2 nanocomposite film
when illuminated. Therefore, though some bacteria death did occur compared with the
initial number of cells in Fig. 4.11 (a), this comparison did prove that the intensity of the
solar simulator did not affect the bacteria growth significantly.
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(a) Solar (+ ) 45min PU/Ti0 2 (- )

(b) Solar ( + ) PU/Ti0 2 (+ ) 45min

Fig. 4.9 Comparison between control experiment and anti-bacterial test result of
PU/TÎ02 films under Solar Simulator against E. coli. (a) Solar (+) 45 min
PU/Ti02(-) (b) Solar(-) PU/Ti02 (+) 45 min.
Fig. 4.10 provides the images of the representative agar plates for anti-bacterial testing
under various illumination times using a solar simulator. From Fig. 4.10 (a), it is obvious
that the Petri dish was full of E. coli bacteria without solar illumination on the PU/Ti0 2
film. After solar illumination for 15 min (Fig. 4.10 b), the ratio of the survival bacteria
was decreased significantly. The longer times of UV illumination on the PU/Ti0 2 coating
resulted in a lower number of visible cells that survived. After UV illumination for only
30 min (Fig. 4.10 c), the bacteria’s killing was nearly completed. After UV irradiation for
45 min (Fig. 4.10 d), there was only 6 survival colonies left compared with the initial
colony number of ~2><104. Thus very good antibacterial properties are demonstrated by a
great decrease in the number of viable bacteria on the illuminated PU/Ti0 2 films.
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(a) 0 min

(b) 15 min

(c) 30 min

(d) 45 min

Fig. 4.10 Anti-bacterial test results of PU/Ti02 films under Solar Simulator against
E. coli (a) Solar (+) Omin PU/Ti02 (+); (b) Solar (+) 15min PU/Ti02 (+); (c) Solar (+)
30min PU/Ti02 (+); (d) Solar (+) 45min PU/Ti02 (+).
The time effect on bacterial survival ratios of intact E. coli cells under solar-like
illumination and control experiment is shown in Fig. 4.11 below. Using solar-like
illumination (AM 1.5), the survived bacteria colony dropped almost at the same speed in
the initial 15 min and next 15 min, i.e. 47.9% and 4.8% still survived after solar
irradiation for 15min and 30min respectively. At 45 min illumination, almost complete
killing of bacteria was achieved with only 0.3% bacteria survived. In the control
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experiment, after 45min’s solar illumination alone, there is a slight decrease in the
survived bacteria colony.

Bacterial survival ratio

Fig. 4.11 Time effect on bacterial survival ratio of intact E. coli cells under solar-like
illumination and control experiment.

4.3.3.2 UV Lamp
The anti-bacterial properties of the synthesized PU/Ti0 2 films were also tested using a
UV lamp at various UV light illumination time treatments. The survival of intact E. coli
cells dropped as a function of time, and the representative agar plate manifestation of
anti-bacterial test under various illumination time treatments on PU/Ti0 2 film is shown
below.

Control experiments
Control experiments performed with the UV Lamp are shown in Fig. 4.12. From the left
image (a), UV illumination for 45 min putting E. coli on the surface of virgin PU film
decreases the number of visible cells slightly, compared to 45 min on the PU/Ti0 2
nanocomposite film without UV treatment, in which more cells were survived. The
possible reason for the killing of a small amount of bacteria in the middle of the agar
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plate is because o f the heat and high temperature after UV illumination for 45 min. Thus
the weak UV light alone without PU/TiC>2 coating in this experiment did not significantly
affect the bacteria growth.
From the right image (b), obvious changes in survival cells were not observed with E.
coli suspension going through the exact same procedure as above, except under no UV
illumination for 45 min. There was almost no death compared with the initial
concentration of E. coli cells.
Thus UV illumination and PU/TiC>2 coating were both found necessary for the anti
bacterial effect, and the only obvious decrease in E. coli survival ratio was observed
when E. coli was treated on the PU/TiC>2 film in the presence of UV illumination.

(a) UV (+) 45min PU/TiQ 2 (-)

(b) UV (-) PU/Ti0 2 (+) 45min

Fig. 4.12 Control experiment results of anti-bacterial test results of PU/TiCh films
against E. coli. (a) UV(+) 45 min PU/TiOi(-); (b) UV (-) PU/TiCh (+) 45 min.
From Fig. 4.13, similar results were obtained as under solar irradiation (AMI.5). The
ratio o f the survival bacteria decreased significantly, and the longer the time of UV
illumination on the PU/TiC>2 coating, the lower number of survived cells was observed.
However, it’s obvious that after light illumination for the same time, a greater number of
visible cells survived under the UV lamp, which means better anti-bacterial property
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were achieved using the solar simulator. The effect of light intensity and different sources
o f light are discussed later.

(c) 30 min

(d) 45 min

Fig. 4.13 Anti-bacterial test results of PU/Ti02 films under UV Lamp against E. coli
(a) UV(+)0min PU/Ti02(+); (b) UV(+)15min PU/Ti02(+); (c) UV(+)30min
PU/Ti02(+); (d) UV(+)45min PU/Ti02(+).
The time effect on bacterial survival ratios of intact E. coli cells under UV illumination
and control experiments is shown in Fig. 4.14 below. Under UV illumination, the first
step has a lower apparent rate constant of killing bacteria during the first 15min, then a
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higher apparent rate constant is observed during the following 15 min’s irradiation time.
Similar observations were noted by K. Sunada.13 The disordering of the outer membrane
first, then the inner membrane (i.e. the cytoplasmic membrane), helps explain the change
of the rate constant with time.
As for the third step between 30 to 45 min, only 1.65% of survived cells could be
observed after irradiation for 45 min, therefore theoretically the bacterial killing process
should be completely finished in the following few min, as the testing time was set every
15min. Essentially a two step decay mechanism was demonstrated, consistant with that
proposed by K. Sunada.13

Bacterial survival ratio

Fig. 4.14 Time effect on bacterial survival ratio of intact E. coli cells under UV
illumination and control experiments.

4.3.3.3

Comparison of different light sources

Anatase T i0 2, which is the most photoactive phase of T i02, only absorbs ultraviolet light
with wavelengths shorter than 380 nm. However, the UV part of direct sunlight is
generally in the power range of 2-3 mW/cm2. The content of ultraviolet light in indoor
illumination is significantly smaller than that in sunlight, as fluorescent lamps mainly
emit visible light. Thus increasing the spectral sensitivity of photocatalysts to visible light,
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which composes the largest part of solar radiation, will be a significant challenge for
coatings to work under indoor-lighting conditions.44 Therefore, it is highly desirable to
improve the TiC>2 nanomaterials in order to increase their optical activity by shifting the
onset o f the response i.e. the band gap from the UV to the visible region .45
The light intensity spectra of the solar simulator and UV lamp are compared in Fig. 4.15
detected using a UV-Vis spectrometer (StellarNet® model: EPP2000C-25LT16). Using
Matlab calculations (see appendix 2), when the solar simulator was placed 40 cm from
the film, the intensity of UV light was 5.8 mW/cm2. For the 100W UV lamp placed 5cm
from the film, 3.7 mW/cm 2 of UV light was provided on the surface of the film, with the
strongest irradiation at 365±20 nm UV light. It’s easy to see that the intensity of the UV
light between 200 and 400 nm from the solar simulator is stronger than the UV intensity
of the UV lamp. The majority o f the UV light from these two light sources is from UVA
and UVB region.
0.35

soair simulator

UVLamp

Wavelength! nm)

Fig. 4.15 UV-Vis intensity from Solar Simulator and UV lamp between 200 nm and
800 nm.
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From Fig. 4.16, complete killing of bacteria using both the UV light and solar-like
irradiation for 45 min on the surface of PU/Ti02 film was achieved. From Fig. 4.17,
during the first 15 min, a faster death rate and lower survival ratio for E. coli cells was
observed under solar-like irradiation compared with UV light. This is because the UV
intensity from the solar simulator was stronger, which leads to a faster activation of the
photokilling effect from TiÛ2 of the PU/TiC>2 coating, thus a faster death rate was
achieved under solar-like irradiation. After 30 min irradiation of UV light from either the
solar simulator or the UV lamp, the killing of E. coli cells was almost complete. After
irradiation for 45min, only 0.3% bacteria survived using the solar simulator and 1.65%
survived under the UV lamp. In other researchers’ results, the survival ratio of E coli did
not decrease to near zero until after several hours of UV illumination.8,13 These results
imply that our PU/TiC>2 films have excellent anti-bacterial activity.

(a)

(b)

Fig. 4.16 Anti-bacterial test results of PU/TiCh films under different light sources
against E. coli (a) UV lamp, (b) Solar Simulator.
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Bacterial survival ratio

Fig. 4.17 Time effect on bacterial survival ratio of intact E. coli cells under different
light sources, UV lamp and Solar Simulator.

4.3.3.4

Conclusion

The anti-bacterial property of PU/Ti02 film examined using a solar simulator and UV
lamp was tested by killing of E. coli on the surface of the PU/TiCh films under various
light illumination-time treatments. The survival of intact E. coli cells dropped as a
function of time determined by the representative agar plate manifestation of anti
bacterial tests under various illumination time treatments on the PU/TiC>2 films.

4.3.4

Self-cleaning Property

4.3.4.1

DMPA as the organic dirt

An addition of 10% excess DMPA was mixed into the lwt% PU/TiC>2 composite coating
as a model compound for “dirt” in order to study the self-cleaning properties. The
degradation of this excess DMPA was monitored by FTIR analysis when treated with
solar irradiation for various lengths of time as shown in Fig. 4.18. The peaks at 3355 cm '1
and 3200 cm' 1 in spectra (a) are the hydroxyl stretch peaks from DMPA, the peak in
spectra (e) at 3325 cm '1 is contributed from the NH functional group in polyurethane, and
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the prominent peaks at 2935 cm"1 and 2855 cm"1 are derived from the CH bonds in
polyurethane.

:

;

In spectra (b) before solar simulation, though weaker than the pure DMPA, the intensity
o f OH groups from the excess DMPA are much more prominent than the NH groups in
the polyurethane/Ti02 film. It is evident that upon solar irradiation, the OH stretch peak
decreased, and almost disappeared after 6h ’s irradiation, while the ; CH groups from
polyurethane are very stable, and remained at the same intensity. The degradation of
DMPA is observed by the disappearance o f OH peaks located between 3400-3200 cm"1
after solar irradiation for 6h, compared to the PU/Ti02 film which was photochemically
stable even after 6h ’s solar irradiation. UV irradiation, water and O2 are the three most
critical factors for a coating’s degradation,43 and there was no change observed for our
PU /Ti0 2 film even after 24h’s direct solar-like irradiation, which indicates that our

Fig. 4.18 The F T IR spectra of (a) pure DMPA, (b) DMPA-PU/TiC >2 mixture before
solar-like irradiation, (c)(d) DMPA-PU/TÎ02 mixture after solar simulation for 3h,
and 6h, and (e) PU/TiC>2 without solar-like irradiation from 4000 cm“1 to 2400 cm"1.

4.3.4.2

Stearic acid as the organic dirt

The FTIR absorption spectrum of stearic acid film deposited on a glass slide was
recorded by FTIR spectra at certain time intervals after irradiation using the solar
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simulator. The observed variation in the FTIR absorbance spectrum of the stearic acid
film as a function of irradiation time is illustrated in Fig. 4.19.
The characteristic vibration bands of C-H bonds at 2923 cm'1, 2853 cm'1 (vas and vs
stretching mode o f the CH2 group respectively) and 2957 cm“1 (asymmetric stretching
modes o f the CH3 group) are shown in the FTIR spectra of the samples. It is clear that as
the solar-like irradiation time increased, the C -H peaks disappeared, albeit slowly. After
solar-like irradiation for 24h, the intensity of the peaks decreased significantly. Therefore
the destruction of stearic acid along with the irradiation time indicates that the PU/Ti02
films have good self-cleaning properties.
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(b)

Fig. 4.19 The F T IR absorbance spectrum to monitor the degradation of stearic acid
before and after solar irradiation (a) Scattered spectra from 4000 to 500 cm'^b)
combined spectra from 3400 to 2200 cm"1.
The time effect on the degradation of stearic acid in terms of the intensity of FTIR
absorbance peaks before and after, solar :irradiation for 2h, 4h, 6h, 12h, and :24h is
illustrated in Fig. 4.20. Though different mechanisms, some similar aspects o f the time
effect between the degradation speed and the bacterial survival ratio existed. In the first
4h irradiation, the degradation rate of stearic acid reflected from the intensity of the
absorbance peaks followed a linear rate, and then the degradation rate started to slow
down. After 12h irradiation, a slight decrease of the intensity still existed.
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Intensity of FTIR peaks

..»..Absorbance

irradiation Time (h)

Fig. 4.20 Time effect on the degradation of stearic acid in terms of the intensity of
F T IR absorbance peaks before and after solar irradiation.

4 .4

C onclusions

1. After comparison of the PU/nTi02 coating via a simple physical mixture method and
grafting from method, the direct attachment achieved by the “grafting from”
polymerization method accomplished excellent dispersion and distribution of nTi0 2 in
the polyurethane matrix.
2. UV illumination and PU/Ti02 film are both necessary for the anti-bacterial property of
PU/nTi02 coating.
3. The survived bacteria colony dropped slightly in the initial 5 min under UV
illumination, a large decrease in the survived bacteria colony in the following 10 min, and
almost finished after UV illumination for 30 min. After UV irradiation for 45min, only
0.03% percentage of bacteria still survived, which implies that our novel PU/Ti0 2 films
have excellent anti-bacterial properties.
4. The destruction and degradation of excess DMPA and stearic acid along with the
irradiation time indicates that our PU/Ti0 2 films have good self-cleaning properties. At
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the same time, no change was observed from the FTIR spectra for our PU/TiC>2 film even
after 24h’s direct solar-like irradiation, which indicates that our PU/Ti02 film have good
weathering performance.
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5

Chapter 5

The Functionalization and Characterization of DMPAT i0 2 and the Investigation of Calcination Effect, Molar
Ratio Effect, Temperature and Solvents Effect to
Optimize the Coordination Reactivity
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The nanofiller has a strong tendency for aggregation and agglomeration in the polymer
matrix, due to the large ratio between surface area and particle size, low interaction and
incompatibility within the polymer substrate. Therefore, effective surface binding, stable
functionalization and modification between DMPA and nTiC>2 are the most important
steps in the synthesis and application , of the polyurethane/nTi0 2 coatings using the
approach described in Chapter 4. The chemical bond between the carboxylic group from
DMPA and the surface of nTiC>2 is the key bridge to connect the polyurethane and nTiC>2.
Once this bond is stable, the interactions between the nanofiller and polymer matrix can
be enhanced, the agglomeration problem can be solved, and the distribution of nTi0 2 into
the polyurethane matrix can be enhanced.

^

Therefore, in order to optimize the coordination reaction between DMPA and nTi0 2 ,
increase the coordination reactivity o f nTi0 2 , reinforce the surface binding, and
consolidate the chemical bond between polyurethane matrix and nTi0 2 , the calcination
effect, molar ratio of reactants, optimum reaction temperature and different solvents were
investigated in this chapter.

5.1

Introduction

Metal oxide nanoparticles provide unique properties and features when forming polymer
nanocomposites compared with the related larger scale materials of the same chemical
composition. For device-orientated potential applications of nTi02 particles, such as dye
sensitized solar cells1, quantum dot devices, and photocatalysis in polymer coatings,
effective and stable surface binding between the nTi02 surface and other features is key.
Therefore research on the functionalization and modification of the surface of nano metal
oxide particles is rapidly increasing with numerous potential applications.2'3 For the
nTiCVPU inorganic/polymer nanocomposites of interest for this thesis, the functionalized
nanofiller could solve the agglomeration, homogeneity and compatibility problems
between these two phases, leading to improvements of the properties o f the composites.
Carboxylate ligands, especially fatty acids, are common choices for functionalizing and
modifying metal oxide nanoparticles. The adsorption of carboxylic acids to metal oxide
surfaces o f TiC>2, Z1O 2, and AI2O3 are chemically and thermally stable. The modification
o f nTi0 2 can be achieved by an in situ or post-modification approach. In the in situ type,
the modification is achieved during the growth of the nanocrystals. By immersing TiC>2
nanoparticles into an organic solution to adsorb the carboxylic groups at room
temperature, or through a ligand exchanging reaction, are regarded as the conventional
postmodification methods for carboxylate coordination. However, the approach to
coordinate the carboxylic groups with a stable chemical interaction on TiC>2 nanoparticles
still remains a challenge. In this chapter, a modified postmodification approaches
demonstrated and investigated.
Different kinds of physical and chemical surface bonding forms, including electrostatic
attraction, hydrogen bonding, and ester-like linkage, bridging and chelating, are the main
possible coordination modes between carboxylic acids and metal oxides.1'2,4‘5 Among
these different forms, the chemical types of binding are more stable than simple
adsorption o f hydrogen bonding, and the chelating type is the most stable form. For
conventional post-modification by immersing TiC>2 nanoparticles6 or films7 into an
organic solution to achieve the adsorption under room temperature, this leads to weak
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binding such as hydrogen bonding or sometimes ester-like linkages. However, using a
solvothermal approach can potentially chemically post-modify the nTi0 2 particles.
The binding form between carboxylic acids and nTi0 2 can be characterized and
distinguished in infrared spectra by the different separations (Ava_s) between the C-0
asymmetric (vas) stretch absorption band and C -0 symmetric (vs) stretch band (Ava.s = vas
(-C 0 2')-vs(-C 02')). It has been shown that the Ava_s is related to changes in the CO bond
length and OCO angle.8 For monodentate binding, the Ava_s values are much greater than
the ionic complexes, while chelating binding exhibits Ava_s values which are significantly
less than the ionic values, while the Ava_s values for bridging complexes are greater than
those of chelating bidentate binding, but close to the ionic values.9 Band separations are
generally 350-500 cm'1 for monodentate binding, 150-200 cm"1 for bridging binding, and
60-100 cm '1 for chelating binding.10
On the level o f the nanoscale, the surface area and the fraction of the surface atoms of the
nanoparticles increase dramatically as the .size of the particles gets smaller. More facets
and surface area can be created resulting in varied under-coordination states of Ti atoms.
Zhang Qingli revealed that as the size o f the nanoparticles decreases, the proportion of
stable chemisorption forms increase. Thus, there is a possibility to control the surface
7
^
binding forms by controlling the particle size. ‘
The pH value, the reaction temperature, and the concentration of reactants in solution are
all critical to the surface binding o f carboxylic acids onto a nTi0 2 surface.5 Both surface
adsorption forms and uncoordinated carboxylic groups can be affected by the pH value.
Anhydrous media and a dry environment are also important for functionalization.7 In
view o f the chemical bonding between the surface of carboxylic acid groups and nT i02,
water has two hazardous effects on the surface binding forms. Firstly, the hydroxyl group
would be formed on the surface due to the coordination between water and the under
coordinated surface Ti, easily leading to simple adsorption sites via hydrogen bonding.
Secondly, this hydrolysis reaction would disturb or break the ester-like linkage, and make
the surface bonding less effective leading to long-term instability.

5.2 Experimental
5.2.1

Materials

All chemicals were purchased from Sigma-Aldrich (Mississauga, ON) and used without
further purification. All organic solvents, which include iso-propanol (anhydrous),
methanol was of distilled-in-glass grade and purchased from Sigma-Aldrich (Mississauga,
ON). 2,2-Dimethylolpropionic acid (DMPA, (HOCH2)aC(CH3)COOH) was dried in an
oven at 100 °C to avoid any moisture before use.
Titanium (IV) oxide nano-powder (Ti0 2 ) of pure anatase crystal form with an average
particle size of 25 nm at 99.7% purity, Titanium (IV) oxide nanopowder (Ti0 2 ) of pure
rutile crystal form with an average particle size o f less than lOOnm at 99.5% purity,
Aeroxide® P25 comprised of 80% anatase and 20% rutile crystal forms with an average
particle size of 21 nm at 99.5% purity, Titanium (IV) oxide nano-powder (TiC^)
comprised of 65% anatase and 35% rutile crystal forms with an average particle size of
less than 50 nm at 99.5% purity. All Titanium (IV) oxide nano-powder (TiC^) were
purchased from Sigma-Aldrich (Mississauga, ON)

5.2.2

Functionalization of Titanium Dioxide .

After calcination, lg of TiC>2 samples of different ratios of anatase and rutile, 4g of dried
DMPA, and 45 ml of iso-propanol were mixed in a 250ml round bottom flask with the
aid of ultrasonic for lh, then the dispersed solution was reacted at 80°C under Nitrogen
with constant magnetic stirring o f 350 rpm for 24h. The particles were recovered by
centrifugation at 8000 rpm for 8 min. The particles were then re-dissolved in a methanol
solution and re-precipitated by centrifugation that was repeated until the solution was
clear. The resulting solid products were dried overnight under vacuum at 80°C.n

5.2.3

Characterization

ATR-FTIR was performed using a ATR-FTIR spectroscope (Nicolet 6700 FTIR),
connected to a computer, supported by Thermo Scientific OMNICTM software, for solid
samples of different kinds of TiC>2 and functionalized DMPA in the range of 500-4000
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cm"1 with 32 scans for each sample to measure and identify the variations of the
functional groups and characteristic peaks.

1

Scanning electron microscopy (SEM) images were taken using a Hitachi® S-2600 with
gold sputtered using EMITCH® K550X deposited at 15 mA/min for 90 seconds to
achieve a gold layer of 5-7 nm. SEM was used to examine the morphology of the surface
o f DMPA and the functionalization of DMPA to TiC>2.
Energy Dispersive X-ray (EDX) Detection and Mapping elemental analysis were used to
determine the elements o f the particles on the surface of DMPA, measure the dispersion
and approximate fractions of TiC>2. EDX and Mapping measurements were performed
using a Quartz Xone EDX scattering device attached to that Hitachi® S-2600N SEM.
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA Q500 at
a heating rate o f 10°C/min under a nitrogen atmosphere from room temperature to 1200
°C to measure the percentage o f functionalized organic materials.
Dynamic light scattering (DLS) was performed using Zetasizer Nano series, Nano S
model ZEN 1600 particle size analyzer at room temperature.

5.3 Results and Discussion
5.3.1
5.3.1.1

Solvothermal functionalization of D M PA -Ti02
FTIR Study

In the FTIR spectra of DMPA shown in Fig. 5.1 a, the intense bands at 3359 and 3124
cm"1 are the H-bonded hydroxyl stretching vibration bands from either the two primary
hydroxyls or the hydroxyl from the carboxyl acid group. The multiple small peaks at
2600 - 3000 cm"1 are characteristic bands of carboxylic acid dimer, which also contains
the symmetry and asymmetry CH3 and CH 2 stretching vibrational bands. The sub-peaks
between 2500 and 2600 cm"1 are ascribed to the coupling and Fermi resonance effects
from vC=0 and yOH. The strong band at 1685 cm"1 is attributed to the carboxylic
carbonyl with highly H-bonded according to the structure of DMPA shown below in Fig.
5.2. Through carboxylic acid group neutralization, it was determined that the bands at
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1403 and 1233 cm"1 as well as 1140 cm"1 are t;OH group and vC-0 group respectively
from carboxyl, in which asymmetric (vas, at 1233 cm"1) and symmetric (vs, at 1140 cm"1)
stretching bands are due to the splitting o f carboxylate groups complexed with surface Ti
centers. While the bands at 1306, 1045, and 1024 cm"1 come from the primary hydroxyls,
qOH group and vC-0 group respectively. All three hydroxyls in DMPA are in a strong Hbonded state.12

Fig. 5.1 F T IR spectra of DMPA, DM PA-Ti02, and T i0 2 (a) Scattered spectra (b)
combined spectra.
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o

Fig. 5.2 Molecular structure of 2,2-dimethylolpropionic acid (DMPA).
A summary o f the above FTIR assignments for the characteristic peaks is given below in
Table 5.1.

Table 5.1 Characteristic A T R -F T IR transmission frequencies in DMPA-TiCh.
Frequency (cm'1)
3359
3214
2900-3000
2500-2600
1685
1456
1403
1306
1233
1140
1045
1024

,

; Main assignment______________
vOH (from alcohol)(OH***CO (OH))
vOH (from alcohol)(OH***OH)
vCH2vCH3
vOH((C=0)OH—OH)
vC=0
6CH2
50H (from carboxyl)
; 60H (from alcohol)
vC-0 (from carboxyl)
vC-0 (from carboxyl)
vC-0 (from alcohol)
vC-0 (from alcohol)

While in pure anatase Ti(>2, the broad and prominent band in the range o f 500 to 1000
cm-1 is from oxo Ti-O-Ti bonding, while the broad band at 3400-3500cnT1 is attributed to
the Ti-OH group. The small peak near 1600 cm'1 is assigned to the T i-0 stretching
mode.13' 14
The binding forms of the carboxylic group of DMPA on nTiC>2 may be one of the
following modes:
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;

(a)

(b)

(c)

(d)

(e)

Fig. 5.3 Possible binding modes of COOH group of DMPA on the surface of nTiC>2
particles: (a, b) H-bonding (c) Monodentate (Easter-like) (d) Bidentate bridging (e)
Bidentate chelating.5
The binding modes between carboxylic acid and nTi02 can be characterized and
distinguished using infrared spectra by the different separations (Ava-S) between the C-0
asymmetric (vas) stretch absorption band and C -0 symmetric (vs) stretch band. It has been
shown that;the Ava.s is related to changes in the CO bond length and the OCO angle.8
This solvothermal functionalization reaction gets support from the observed FTIR spectra
o f functionalized DMPA-TiC>2. In the FTIR spectra of DMPA-TiC>2, 1233 cm'1 is from
the antisymmetric (vas) stretching band o f C -0 from carboxyl and 1140 cm'1 is from the
symmetric (vs) stretching band of C -0 from carboxyl, Ava.s = vas(-C02')-vs(-C02‘), thus
the value o f Ava.s=93 cm'1 implies a bidentate chelating type coordination bonding exists
between DMPA and nTi02. Therefore the coordination reaction between the surface of
DMPA and nTi02 can be shown as follows.

s
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Fig. 5.4 coordination reaction between the surface of DMPA and nTi02.
Comparison o f the change in C =0 intensity before and after functionalization, as well as
considering the diameter o f the nT i02 particles which was around 21 nm7, hydrogen
bonding and ester-like linkages also exist between DMPA and nTi02. It is apparent that
the H-bonded hydroxyl stretching vibration bands at 3359 and 3124 cm-1 decreased, but
did not disappear. Therefore, the hydroxyl groups required to synthesize polyurethane
still remained, and the H-bonds still exist. Furthermore, the strong band at 1685 cm'1
which is attributed to C =0 became weaker after solvothermal functionalization. It is
difficult to identify whether this C =0 peak exactly results from the ester-like linkage
binding form or from free unreacted carboxylic acid groups. However, from the SEM
images of functionalized DMPA-Ti02, as shown in the following section, we can see that
not all the surface of DMPA was fully covered by nTi02 particles, thus still
unfunctionalized carboxylic acid groups remain. The bands o f DMPA-Ti02 between 500
and 1000 cm '1 match the Ti-O-Ti peak o f anatase perfectly, indicating the existence of
chemical bonding between DMPA and nT i02 particles.

5.3.1.2

SEM Images

SEM analysis was conducted in order to examine the microstructure and surface
morphology change from pure DMPA to DMPA-Ti02, before and after functionalization.
The SEM images of the agglomerated crystal structure of pure DMPA with no additional
treatment in two different scales of 100pm scale and 25pm scale are shown in Fig. 5.5.
Anomalous block particles are observed to aggregate together with no ordered micron or
nanostructures.
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(b)

Fig. 5.5 SEM images of pure DMPA with no additional treatment (a) 100pm scale (b)
10pm scale.
The SEM images of functionalized DMPA with nanoTi02 (DMPA-anatase/400°C 4h) are
shown in Fig. 5.6, in which calcined anatase (400°C 4h) was reacted with dried DMPA
according to the procedure described in 4.2.2. The SEM images of DMPA-anatase/400°C
4h under different scales show that the crystal morphology of DMPA changed from a
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block structure into a rod like structure with the nanoTiCh coordinated and functionalized
to the surface clearly visible.
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(d)

Fig. 5.6 SEM images of DMPA-Anatase/400°C 4h (a) 200jam scale (b) 50pm scale (c)
50pm scale (d) 20pm scale. (80°C, 24h, iso-propanol).
The particle size of pure DMPA dissolved in toluene was investigated, and the size
distribution is rather narrow, with the Z-average diameter being 8.01 nm (appendix 3).
According to the SEM images in Fig. 5.5, all the molecules of DMPA attach to each
other because of the strong hydrogen bonding leading to the observed amorphous block
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structure. After ultrasonic for 1 h and magnetic stirrer for 24 h, the DMPA molecules can
be dispersed and separated in the solvents to coordinate with the surface of nTi02 under
heating environment, with the resulting solid products then dried overnight under vacuum
at 80°C. Therefore, the crystal morphology of DMPA changed from an amorphous block
structure into a rod-like structure with the nanoTi02 coordinated and functionalized to the
surface clearly visible.

5.3.1.3

EDX-Mapping

The EDX results of the functionalized DMPA-anatase/400°C 4h are shown below in Fig.
5.7 and Table 5.2. We can see the prominent elements are carbon and oxygen from
DMPA, and titanium from T i0 2. The functionalized Ti achieved was 5.4wt%.

Fig. 5.7 EDX spectrum of functionalized DMPA-anatase/400°C 4h.
Table 5.2 Element concentration of functionalized DMPA-anatase/400°C 4h.
Element
Carbon
Oxygen
Titanium

Concentration
65.65 wt%
28.93 wt%
5.42 wt%
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The Mapping-SEM images of DMPA-anatase/400°C 4h of 200pm scale are shown below
in Fig. 5.8. From a comparison of the distribution of the elements of C, O, Ti, the
combination of these three elements, and the SEM picture of this area, the rods consist of
C and O, i.e. are DMPA, and all the small particles covered on the DMPA surface exactly
match the distribution of Ti, which is from the TiC>2 coordinated to the surface of DMPA.
As described below, some Ti likely dissociatived from the surface, indicating that less
than 100% percent of Ti was coordinated.

(c) element of Ti

(d) combination

85

(e) comparison of Ti distribution and corresponding SEM Image

Fig. 5.8 EDX-Mapping-SEM images of DMPA-anatase/400°C 4h(200pm scale) (a)
distribution of element of C. (b) distribution of element of O. (c) distribution of
element of Ti. (d) combination, (e) comparison of Ti distribution and SEM image.
In order to further confirm the particles on the surface of the rod-like structures are
Titanium, the Mapping-SEM pictures o f DMPA-anatase/400°C 4h at a 7pm scale were
taken. From Fig. 5.9 it is apparent that the distribution of Ti matches the corresponding
SEM image. From the SEM image, the left edge of the rod-like structure was fully
covered by TiC>2 particles, and correspondingly in the same location of the Mapping
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image, many Ti elements are detected. In the middle of the lower region, there are very
few particles observed in this region, correspondingly no Ti element can be detected from
the Mapping image. These results indicate that the particles coordinated to the surface of
the rod-like DMPA structure were consisted of TiC^.

1

7pm

Fig. 5.9 EDX-Mapping-SEM pictures of DMPA-anatase/400°C 4h (7pm scale)
Distribution of Ti.
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5.3.1.4

TG A

The functionalized DMPA-Ti02 samples were dried and subjected to thermogravimetric
analysis. As shown in Fig. 5.10, the TGA curve can be divided into 3 sections. The first
region is below 200 °C, , a ~5 wt% weight loss existed due to the evaporation of any
remaining entrapped and adsorbed water or solvent from the surface. Then there was a
sharp decrease in the temperature range o f 200 - 350 °C with the weight loss around ~60
wt%, which is attributed to the decomposition of DMPA groups. Between 350 and 450
°C, a small slope of weight loss at this high temperature is shown due to further loss of
DMPA by removing any remaining chemical bonding between DMPA and nTiC>2. After
450 °C, there is no apparent weight loss, showing all DMPA has been removed.

5.3.1.5

UV-Vis Spectra

As shown in Fig. 5.11, DMPA could only absorb light below 350 nm. After being
chemically attached to nTiC>2, DMPA-TiCVs absorption rose sharply toward the visible
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light region, although still in the UV region below 400 nm. For anatase and P25, the
absorption was also in the UV region with cut off below 400 nm. Under similar
experimental conditions, there was a significant enhancement of light absorption between
200 nm and 400 nm in terms of the small band gap of excitation of TiC^.
From the band gap energy formula of Eg=h x C/X
Where h = Planck’s constant = 6.626 x 10'34 Joules • sec;
C = Speed of light = 3.0 x 108 meter/sec;
X = Cut off wavelength,
From Fig. 5.11, we can calculate from the data that
anatase

= 377.33

x

10 " 9

meters, ^dmpa-p25 = 409.46

Joules. Therefore, E g.DMp A = 3.41 ev,

x

E g.DMpA-anatase =

A,D m

pa

=

363.86 x 109 meters,

10'9 meters, and lev = 1.6

A,D m p a x

10"19

3.29 ev and E g. DM P A -P 25 = 3.03ev

Fig. 5.11 UV-Vis spectra of DMPA, functionalized DMPA-anatase, and DMPA-P25.

5.3.1.6

Solubility test

DMPA-TiC>2 and TiC>2 showed different solubilities or dispersibilities in organic/water
bilayers. As shown in the right of Fig. 5.12, due to the strong chemical polarity of nTiC>2,
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most of the nTiCh was dispersed in the water phase, but a very small amount of nTiC>2
remains in the toluene phase due to an absence of organic groups on the surface of nTi0 2 .
Though dispersed in the water phase, nT i02 is not very soluble, leading to a dispersed
phase in the lower layer.
As DMPA is easily dissolved in the water phase, with little solubility in toluene, therefore
functionalized DMPA-TiC>2 also preferentially partitioned into the water phase. However,
compared to nTi02 in the water phase, DMPA-TiC>2 is much better dispersed, even
soluble, which leads to a clear and transparent phase. Due to the fact that a small amount
of unfunctionalized nT i02 was hard to be separated from the functionalized DMPA-Ti02,
a very small amount of nTiC>2 remained in the organic phase as with the pure TiC>2.

Fig. 5.12 Solubility test for DMPA-anatase (left) and pure anatase (right). (Upper
layer is toluene phase, lower layer is water phase).

5.3.2

Calcination effect

For a better understanding of the solvothermal functionalization method, the calcination
effect for nTiC>2 when reacted to DMPA was studied in terms of the mass of the product,
functionalization efficiency, and FTIR results.
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The calcination effect on the functionalized DMPA-TÌO2 is described in Table 5.3 and
Fig. 5.13, in which the reaction conditions for forming DMPA-anatase, DMPA-P25, and
DMPA-rutile were identical. Before the functionalization reaction with DMPA, in one
case TÌO2 was calcined at 400°C for 4 h, and the other case no calcination was performed
for comparison.
From Table 5.3, it is obvious that after the calcination treatment, the mass of the final
functionalized DMPA-T1O2 obtained was much larger than the TÌO2 without calcination
as a reactant. For the calcined TÌO2, a much greater percentage of DMPA was
functionalized than the DMPA that reacted with un-calcined TÌO2. Furthermore, as
shown in Fig. 5.13 (b), for calcined anatase, nearly 60% of DMPA could be
functionalized, while without calcination of anatase before reaction, less than 10% of
DMPA was functionalized. Similar results were achieved for P25 and rutile, although
lower coordinated percentages were achieved. Thus the calcination step helped increase
the amount of the final functionalized DMPA-Ti02, allowing more DMPA to be
functionalized to TÌO2.
Among the three types o f DMPA-TÌO2 investigated, it is obvious that as the ratio of
anatase to rutile decreased from anatase (100A/0R) to P25 (80A/20R), then to rutile
(0A/100R), the amount of the final functionalized DMPA-TÌO2 decreased, and the
percentage o f functionalized DMPA decreased. Because of a lower surface area, the
increase o f rutile phase lowered the reactivity, making the functionalization reaction less
efficient.15

Table 5.3 Calcination effect on TG A results of DMPA-TÌO 2
DMPA-TÌ02
DMPA-Anatase
DMPA-P25
DMPA-Rutile

DMPA-TiO2/400°C 4h
25.86%
29.08%
69.40%

DMPA-Ti02/no calcination
66.11%
71.86%
78.42%

DMPA-Anatase

DMPA-P25

DMPA-Rutile

D ifferent types o f DMPA-TiO^

(a)

Fig. 5.13 Calcination effect on the weight and TGA results of the final functionalized
DMPA-anatase, DMPA-P25, and DMPA-rutile. (a) Mass of DM PA -Ti02 per gram
Ti02 (g/g T i0 2). (b) Percentage of functionalized DMPA per gram T i0 2 (%/g T i0 2).
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In explanation, the coordination reaction between the surface of DMPA and TiCVthat
attributed to the chemical bonds formed on the surface must be considered. With
increasing calcination temperature, the O-H bond concentration will decrease, increasing
the T i-0 bond concentration, leading to a clean surface of Ti02. Though O-H groups on
the surface are very important for the modification,16 higher possibilities for forming
chemical coordination bonds from Ti-O-Ti are achieved instead of physical hydrogen
bonding derived from Ti-OH, which will increase the coordination reactivity of nTi02.
Also impurities almost completely disappear after calcination at 400°C, which can
promote the rearrangement o f the Ti-0 network on the surface and the crystallization of
TiC>2.n However, at temperatures higher than 400°C, the transformation from anatase to
rutile will decrease the surface area, leading to a decrease of coordination reactivity.
Therefore, the calcination step at 400°C for 4h was found to increase the coordination
reactivity with DMPA.

5.3.3

The amount of nanoparticles anchored to DMPA

Based on lOOg of functionalized DMPA-anatase/400°C 4h, and the TGA results was
25.86%. Therefore, we have:
Mass of DMPA: 74.14 g

'

v

Mass o f Ti02: 25.86 g
The molecular weight of TiG2 is 79.87 g/mol, thus,
The amount of nanoparticles anchored to DMPA/100 g of sample = 25.86/79.87
mol/lOOg sample =0.324 mol/lOOg sample.

5.3.4

Optimum molar ratio

In order to find the optimum molar ratio between DMPA and TiC>2 leading to maximize
surface coverage, lg of Ti02 (anatase/400°C 4h) was reacted with 2g, 3g, 4g, 5g, and 6g
o f DMPA in 45ml iso-propanol respectively under the same conditions as the
aforementioned method. As shown in Table 5.4, the molar ratio between DMPA and
TiC>2 changed from 1.2, 1.8, 2.4, 3.0, to 3.6. The mass o f functionalized DMPA-Ti02 per
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mol T i0 2, the percentage of functionalized DMPA per mol TiC>2, and the ATR-FTIR
results were studied to determine the optimum molar ratio between DMPA and Ti02.

Table 5.4 Mass ratio and Molar ratio between DMPA and T i0 2.
Mass ratio of
DMPA/ Ti02
Molar ratio of
DMPA/ Ti02

5.3.4.1

2g-lg

3g-lg

4g-lg

5g-lg

6g-lg

1.2

1.8

2.4

3

3.6

Mass of D M PA -Ti02 per gram T i0 2

From Fig. 5.14 below, it is obvious that the optimum molar ratio was 2.4 moles DMPA
per mole o f T i0 2. At this molar ratio between DMPA and T i0 2, the maximum weight of
functionalized DMPA-Ti02 was obtained, which was more than 3.2g/gTi02. When the
ratio was 1.2, the minimum weight was obtained which was less than lg/gTi0 2 .
Therefore when 4g of DMPA were functionalized with lg of T i0 2, the molar ratio was
2.4, giving the maximum weight of functionalized DMPA-Ti02. Almost no reaction
occurred under the molar ratio of 1.2.

different m olar ratios between DM PA a n d T i0 2

Fig. 5.14 Mass of different functionalized DMPA- T i0 2 with different molar ratio of
DMPA and T i0 2(g/g T i0 2).
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5.3.4.2

TGA

According to the TGA results given in Fig. 5.15 (a), the smallest value of weight loss was
obtained at the DMPA and calcined TiC>2 molar ratio of 1.2, and almost the same value
was achieved under all the other molar ratios investigated, indicating that DMPA/2gTiCVlg had the highest percentage of TiC>2 remaining, and less than 9% of DMPA was
left in the final functionalized DMPA-anatase.
According to Fig. 5.15 (b), the percentage of functionalized DMPA accounted for the
initial reactant of DMPA changed along with the change of molar ratio. At a molar ratio
of 2.4, nearly 60% of the initial amount of DMPA could be functionalized to T i02;
however, less than 5% of DMPA could be functionalized at a molar ratio of 1.2. Hence, a
molar ratio of 2.4 was found to be the optimum molar ratio between DMPA and T i0 2 in
the investigated region.
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(b)

Fig. 5.15 (a) TGA graph of DMPA- T i0 2 and (b) percentage of functionalized
DMPA at different molar ratios of DMPA and T i0 2 per gram T i0 2 (%/g T i0 2).

5.3.4.3

FTIR Study

FTIR spectra of the different functionalized DMPA-anatase/400°C 4h samples obtained
using different molar ratios of DMPA and anatase/400°C 4h are shown below in Fig.
5.16. Except for the Ti-O-Ti oxo peak from 500 to 1000 cm"1, there was almost no other
distinguishing characteristic peak in DMPA-anatase 400°C 4h/1.2. However, obviously
the bidentate coordination peak, hydroxyl group peak, and C =0 bonds all existed in the
other four types of DMPA-Anatase/400°C 4h. Among these four spectra, when the molar
ratio was 3.0, the largest intensity of peaks was achieved, which helps confirm the best
functionalization reaction occurred at this molar ratio.
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Fig. 5.16 FTIR spectra of DMPA-Ti02 with different molar ratio of DMPA and
Ti02. From the top to the bottom are: DMPA-Ti02/1.2, D M PA -TKVl.S, DMPATiC>2/2.4, DMPA-TiO2/3.0, to DM PA-Ti02/3.6 (The number at last is the
corresponding molar ratio between DMPA and TiCh).
The characteristic peaks intensity variation corresponding to the molar ratio of DMPA
and anatase/400°C 4h were analyzed more clearly in the region of 1800 to 600 cm'1, and
3600 to 2600 cm'1 according to Fig. 5.17 (a) and (b).
From Fig. 5.17 (a), it is obvious that as the molar ratio of DMPA and anatase/400°C 4h
increased from 1.2 to 3.0, the intensity of the peaks of bidentate coordination between
TiC>2 and carboxylic groups at 1035 and 1050 cm'1 in (a) and hydroxyl group at 3350cm'1
from DMPA in (b) became stronger. When the molar ratio was 3.0, the strongest peaks
were achieved, with the peaks intensity becoming weaker as the molar ratio was further
increased. Thus from the FTIR results, the best and strongest characteristic peaks were
achieved when the molar ratio was in the range of 2.4-3.0.
On the basis of the above results, when the molar ratio was 2.4, which means 4g of
DMPA was functionalized with lg of anatase/400°C 4h. At this ratio, the maximum mass
o f functionalized DMPA-Ti02 was obtained, the largest percentage o f DMPA was
functionalized, with prominent bidentate coordination characteristic peaks from FTIR
being observed.
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(b)

Fig. 5.17 F T IR spectra of different functionalized DMPA-anatase/400°C 4h with
different molar ratio of DMPA and anatase/400°C 4h. (a) between 600 and 1800cm"1
(b) between 2600 and 3600 cm'1.
The pH value and the concentration of the reactants of the solution are both critical to the
surface binding of carboxylic acid to a nTiC>2 surface.5 Both surface adsorption sites and
the nature of the carboxylic group are affected by pH. The isoelectric point (IEP) for TiC>2
has been reported to be between 5 and 6.717 DMPA is slight soluble in iso-propanol,
which can decrease the pH value of the whole medium, therefore different mass of
DMPA result in different pH values, leading to different extents of functionalization.
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5.3.5

Solvents effect

The effect of different solvents on the coordination reaction between DMPA and nTi02
were examined in order to optimize this reaction. Under the same reaction conditions as
described in 5.2.2, the mass of functionalized DMPA-TiC>2 per gram nT i02, the TGA
results, the percentage of functionalized DMPA, and the FTIR results using methanol,
THF and iso-propanol are shown as follows.

5.3.5.1

Mass of D M P A -Ti02 per gram nT i02

From Fig. 5.18 below, it is obvious that the maximum mass of functionalized DMPATiC>2 was achieved using iso-propanol as solvent. When using methanol, 2.6g of
functionalized DMPA-Ti02 was obtained compared to 3.1 and 3.3 for THF and iso
propanol respectively.

Fig. 5.18 Mass of different functionalized DMPA- T i0 2 per gram T i0 2 with different
solvents (g/g TiQ2) (400 °C 4h, 80 °C).
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5.3.5.2

TG A

According to the TGA results given in Table 5.5 and Fig. 5.19, the TGA curves can be
divided into 3 sections using these three different solvents. In each temperature stage, the
DMPA-Ti02 synthesized using iso-propanol had the maximum weight loss, indicating
the highest percentage of functionalized DMPA. For methanol, 75% weight was
remained when above 450 °C, which can indicate that a smaller percentage of DMPA
were coordinated to nTiC>2.
Similar results were achieved as the percentages of functionalized DMPA of different
DMPA-TiC>2 under different solvents shown in Fig. 5.19 (b) (calculated as appendix 1).
Less than 20% of initial DMPA was functionalized in methanol, while nearly 60% of
initial DMPA were functionalized in iso-propanol, and about 40% functionalized in THF.

Table 5.5 Weight loss with respect to temperature of DM PA-Ti02 synthesized under
different solvents.
Methanol
THF
Isopropanol

below 200 °C
97.5%
96.2%
96.0%

200-350 °C
78.5%
61.5%
36.0%

100

350-450 °C
75.6%
47.8%
27.3%

(b)

Fig. 5.19 (a) TGA graph of DMPA-TiCh using different solvents (b) percentage of
functionalized DMPA using different solvents (%/g T i0 2).
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5.3.5.3

FTIR study

The FTIR spectra of DMPA-Ti02 samples synthesized using the investigated solvents are
shown below in Fig. 5.20. There is no large difference between DMPA-Ti02 synthesized
in THF and iso-propanol, but a larger intensity of peaks is noticed using iso-propanol.
There is some shifting of OH group peaks between 3200 and 3500 cm"1, and the C -0
groups between 1000 and 1500 cm"1. Specific spectra between 1000 and 1500 cm"1 are
shown in Fig. 5.20 (b). The asymmetric (vas, at 1233 cm '1) and symmetric (vs, at 1140 cm"
!) stretching band of vC-0 group both split into two peaks, and there are also some
obvious shifts of vC-0 (from alcohol).

(a)
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(b)

Fig. 5.20 FTIR spectra of different functionalized DM PA-Ti02 under different
solvents.
This phenomenon is probably due to DMPA being more soluble in methanol than in THF
and iso-propanol. The dissolved DMPA would further decrease the pH of the solution
from the -COOH group of DMPA, leading to a poorer coordination reaction environment.

5.3.6

Temperature effect

The effect of reaction temperature on the reaction between DMPA and nT i02 was
examined in order to optimize this coordination reaction. Under the same reaction
conditions as described in 5.2.2, the mass o f functionalized DMPA-Ti02 per gram nTi02,
the TGA results, and the percentage of functionalized DMPA under different
temperatures, i.e. 40 °C, 60 °C and 80 °C are shown as follows.

5.3.6.1

Mass of D M PA -Ti02 per gram nT i02

From Fig. 5.21, it is obvious that as the reaction temperature increases, the mass of
functionalized DMPA-Ti02 increases.
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Fig. 5.21 Mass of different functionalized DM PA-Ti02 under different temperatures
(g/gTi02).

5.3.6.2

TGA

According to the TGA results shown in Table 5.6, in each temperature stage, the DMPAT i0 2 synthesized at different temperatures had similar results, indicating no clear trend.
However, due to the difference of the mass of functionalized DMPA-Ti02, leading to the
trend that higher percentage of functionalized DMPA per g T i0 2 can be achieved under
higher coordination temperature which is shown below in Fig. 5.22.

Table 5.6 Weight loss with respect to temperature of DM PA-Ti02 synthesized under
different temperatures.
40 °C
60 °C
80 °C

below 200 °C
96.6%
97.2%
96.0%

200-350 °C
40.1%
53.3%
36.0%
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350-450 °C
19.1%
33.8%
27.3%

Fig. 5.22 Percentage of functionalized DMPA of different functionalized DMPAT i0 2 synthesized under temperatures (%/g T i0 2).
Higher reaction temperature helps enhance the coordination reactivity, giving a higher
yield o f functionalized DMPA-Ti02 product.

5 .4

C onclusions

1. Functionalized

DMPA-Ti02 was

synthesized

successfully,

and

the

crystal

morphology o f DMPA changed from a block structure into a rod-like structure with
high surface coverage of nTi02 coordinated to the surface.
2. The calcination treatment step can sufficiently increase the amount of final
functionalized DMPA-Ti02, and enhance the percentage of functionalized DMPA.
3. The optimum molar ratio between DMPA and anatase/400°C 4h was 2.4, which
means 4g of DMPA was functionalized with lg of T i0 2. Prominent bidentate
coordination characteristic peaks could be observed by FTIR spectroscopy.
4. Among the investigated solvents of iso-propanol, THF and methanol, the DMPAT i0 2 synthesized using iso-propanol gave the best results.
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5. As the temperature increased, the mass of functionalized DMPA-Ti02 product
.

increased.
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Chapter 6

Investigation of the Optimum Ratio of Anatase/Rutile to
Optimize the Photocatalytic Activity of
Reactivity of nTi02

The anatase crystal phase of TiC>2 is photo-chemically active, while the rutile crystal form
o f TiC>2 is used to block sunlight in many polymers such as polyvinyl chloride,
polyurethanes and in sunscreen. The anatase crystal phase usually forms at lower
temperatures and shows higher surface areas compared to the rutile phase.1 Though both
o f these phases show photocatalytic activity, the anatase form of TiCh is more
photoactive than rutile due to a higher degree of crystallinity, and a larger surface area.
Better photocatalytic activity of the same nTiC>2 samples w th different anatase/rutile
ratios depends on more surface-adsorbed water, more hydroxyl groups and a larger
surface area.2 Better coordination reactivity depends on less surface-adsorbed water,
higher T i-0 bond concentration and larger surface areas.1 Therefore, in order to optimize
the photocatalytic activity and UV stability of a polyurethane/nTi02 composite coating,
while maintaining the coordination reactivity o f the nTiC>2 and the strength of the
chemical bond between the polyurethane matrix and nTi0 2 , the optimum anatase/rutile
percentage ratio for surface covered reactions of interest needs to be investigated and
determined.3'7

6.1

Introduction

The anatase form of TiC>2 is more photoactive than rutile due to a higher degree of
crystallinity, and a larger surface area. A high degree of crystallinity and a larger surface
area will lead to faster surface photocatalytic reaction rates with a constant surface
density o f adsorbents, which means that the higher the specific surface area, the higher
the photocatalytic activity.3*7 Besides the difference in surface area, the difference in the
energy structure between the two-phase types is another prominent reason for differences
in reactivity. Though the position of the valence band is deep and the resulting positive
holes show sufficient oxidative power in both phases of TiC>2, the conduction band in the
anatase phase is closer to the negative position than in the rutile phase. Therefore, the
reducing power of the anatase phase is stronger than that of the rutile phase., Thus, the
anatase phase exhibits a higher overall photocatalytic activity. Therefore, generally,
anatase is commonly recognized as a photoactive phase, while rutile is commonly known
as a low-activity photocatalyst, and can block sunlight in many polymers su ch ;as
polyurethanes, polyvinyl chlorides, and in sunscreen.
Though the anatase form o f TiCV is more photoactive than rutile, it has been
hypothesized that an anatase and rutile mixed phased could show, better photocatalytic
activity because any kind of solid-solid interface is a key structural feature that facilitates
the charge separation to hinder recombination.8*9 Mixed-phase Ti02 nanoparticles, such
as the commercial product Degussa P25 which consists of 80% anatase and 20% rutile,
shows high photo-catalytic activity largely due to the synergistic effect between anatase
and rutile phases.8 In addition, the mixed phase is beneficial in reducing the
recombination of photo-generated electrons and holes.10 It has been found that a
70%/30% anatase/rutile mixture makes the best photocatalyst for the oxidation of
organics when titanium was applied to the treatment of wastewater.11 Therefore, it is
essential to investigate and control the microstructure of the titanium system, to control
and optimize the anatase/rutile ratio in order to both maximize the photocatalytic ability,
while simultaneously providing maximum polymer protection.
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Even for Ti02 samples with different anatase/rutile ratios, the activity o f photocatalytic
oxidation depends on the amount of surface hydroxyl groups, surface-adsorbed water,
and the surface area. The formation o f rutile by calcination helps reduce the hydroxyl
groups, surface-adsorbed water, and surface area, leading to a resulting decrease in
photocatalytic oxidation activity.2 Different preparation conditions and methods could
yield different phase compositions and particles sizes of nTiC>2 that display different
morphological, structural, and surface properties, especially different photocatalytic
activities.12
There are mainly three methods to control the anatase/rutile ratio easily, i.e. the
calcination method, physical mixture method, and hydrothermal method.13
Using the calcination method, anatase converts to rutile at 400-1200 °C.14 The anatase
phase in P25 starts its transformation towards the rutile phase in the range of 500-600 °C,
and a total phase transformation presumably occurs at 800 °C.2’ 15 Several parameters
such as grain size, impurities, and processing can affect the onset temperature, and the
rate o f this polymorphic reaction using the calcination method. At different calcination
temperatures, the crystal size and crystal structure also change due to three types of
nucleation that control the anatase-to-rutile transformation:- i.e. interface nucleation,
surface nucleation, and bulk nucleation.16 Thus different p ercentages^ anatase and rutile
TiC>2 can be obtained. Ding et al. prepared a series of TiC>2 samples with different
anatase/rutile ratios by calcination of Degussa P25 at 700°C for 3, 6, 36, 72 and 96 h, and
studied the role of the two crystallite phases of Ti02 on the photocatalytic activity.2 This
phase transformational reaction between the metastable anatase phase and the stable
rutile phase is considerably important, especially for high temperature performance,
photocatalytic activity, and stability of TiCh.
Besides the calcination method technique, for adjusting the anatase/rutile ratio, physical
mixtures o f pure anatase and rutile nanoparticles are another easy way to control this ratio.
However, simple physical mixtures of anatase and rutile showed no enhanced activity
over pure

anatase, while a hydration-dehydration treatment can enhance the

photocatalytic activity.17
Ill

In this chapter, two convenient methods for phase transformation from anatase to rutile
via the calcination and hydration-dehydration treatment techniques of physical mixtures
were chosen to control the anatase/rutile ratio, and to investigate the optimum ratio in
order to maximize the efficiency of photocatalytic reaction of nTi02 in polyurethane
coating, and to enhance the anti-bacterial and self-cleaning properties of the resulting
polyurethane/Ti02 nanocomposites.

6.2

Experimental

6.2.1 Materials
All chemicals were purchased from Sigma-Aldrich (Mississauga, ON) and used without
further purification. All organic solvents that include iso-propanol (anhydrous), methanol
were o f distilled-in-glass grade and purchased from Sigma-Aldrich (Mississauga, ON).
2,2-Dimethylolpropionic

acid

(DMPA,

(HOCH2)2C(CH3)COOH)

and

2,2-

Bis(hydroxymethyl) butyric Acid (DMBA, C2H5C(CH20H )2C02H) were both dried in
the oven at 100°C to avoid moisture before use.
Titanium (IV) oxide nano-powder (Ti02) of pure anatase crystal form with an average
particle size o f 25nm at 99.7% purity, Titanium (IV) oxide nanopowder (Ti02) of pure
rutile crystal form with an average particle size of less than lOOhrn at 99.5% purity,
Aeroxide® P25 comprised of 80% anatase and 20% rutile crystal forms with an average
particle size of 21nm at 99.5% purity, Titanium (IV) oxide nano-powder (T i02)
comprised of 65% anatase and 35% rutile crystal forms with an average particle size of
less than 50nm at 99.5% purity. All types of Titanium (IV) oxide nano-powder (Ti02)
were purchased from Sigma-Aldrich (Mississauga, ON).

6.2.2 Optimum anatase/rutile ratio
Two convenient methods were chosen to control the anatase/rutile ratio o f T i0 2, which
were phase transformation from anatase to rutile via calcination, and hydrationdehydration treatment of physical mixtures of pure anatase and pure rutile.
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6.2.2.1

Hydration-dehydration physical mixture method

For the hydration-dehydration physical mixture method,17 an appropriate amount of
anatase and rutile nanoparticles were collected, mixed in deionized water, then dried
under

vacuum.

The

resulting

75%anatase/25%rutile

mixture

(75A/25R),

50%anatase/50%rutile mixture (50A/50R), 25anatase/75%rutile mixture (25A/75R) were
collected and calcined at 400°C for 4h, and then reacted with DMPA and DMBA to
obtain different kinds o f DMPA-Ti02/DMBA-Ti02 as described above.

6.2.2.2

Phase transformation via calcination method

The Degussa P25 samples were calcined at 700°C for 3, 6, and 36h, and a series o f P25
samples with different anatase/rutile ratios were obtained as follows:

_

Table 6.1 Ratio of Anatase/Rutile and Total surface area of different TiC>2 via
calcination method of P25.
Sample

Anatase (wt %)

Rutile (wt %)

P25
P25-3-700
P25-6-700
P25-36-700

80
45
25
1

20
55
75
99

A/R ratio
4
0.82
0.33
0.01 -

Total surface
area (m2/g)
47
29.5
25.1
12.1

The crystallite phases of the samples were examined by XRD, and the peaks at 25.5° and
27.5° represent the pure anatase and rutile phases respectively, as shown in Fig. 6.1.
Standard reference samples with different anatase/rutile ratios were prepared from pure
anatase and rutile chemicals with a calibration curve of the peak intensity versus
concentration used to calculate the amount of anatase and rutile in the prepared samples
as follows:

113

Fig. 6.1 XRD results of Ti02 with different ratio of anatase/rutile via calcination
method of P25.
The weight fraction of anatase and rutile present in the samples was estimated
based on the most intense signal of each phase (anatase and rutile) according to the
equation described by Spurr and Myers (1957):
100

XA
1 (

0.79/,

(Fig. 6.1)

where XA is the weight fraction of the anatase phase present in the powder sample, while
Ia and Ir are the relative reflection intensities of anatase and rutile respectively.
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6.2.3 Functionalization of Titanium Dioxide
After calcination, lg of Ti02 sample o f the different investigated anatase/rutile ratios
were mixed with 4g of DMPA, and 45ml o f isopropanol together in a 250ml round
bottom flask with the aid of ultrasonic for Ih, then the dispersed solution reacted at 80°C
under Nitrogen with constant magnetic stirring at 350 rpm for 24h. The particles were
recovered by centrifugation at 8000 rpm for 8 min. The particles were then re-dissolved
in a methanol solution and re-precipitated by centrifugation which was repeated until the
solution was clear. The resulting solid products were dried overnight under vacuum at
80°C.

6.2.4 Characterization
ATR-FTIR was performed using a Nicolet 6700 FTIR spectroscope, connected to a
computer, supported by Thermo Scientific OMNICTM software, for solid samples of
different kinds of TiC>2 and functionalized DMPA in the range of 400-4000 cm"1 with 32
scans for each sample to measure and identify the variations of the functional groups and
characteristic peaks.
Scanning electron microscopy (SEM) images were taken and recorded using a Hitachi®
S-2600 with gold sputtered using a EMITCH® K550X dep o sited ^ 15mA/min for 90
seconds to achieve a gold layer of 5-7nm for investigating the morphology of the surface
of DMPA and the functionalization of DMPA to Ti02.
Thermogravimetric analysis (TGA) was performed using a Mettler Toledo TGA Q500 at
a heating rate of 10°C/min under a nitrogen atmosphere from room temperature to
1200°C to measure the percentage o f functionalized organic materials.
Energy Dispersive X-ray (EDX) Dectection and Mapping elemental analysis were used
to determine the particles on the surface of DMPA, measure the dispersion and
approximate fractions of TiC>2. EDX mapping measurements were performed using a
Quartz Xone EDX scattering device attached to the Hitachi® S-2600N SEM.
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X-ray diffractometer (XRD) (Rigaku MiniFlex XRD) was used to determine the anatase
and rutile contents, as well as their average particle sizes. A small fraction of each sample
was dispersed in acetone on a quartz plate and dried, and then the plate was mounted onto
the sample holder of the diffractometer in the step-scanning mode. The 20 scanning range
was 20-35°. In order to improve the precision of the measurement, the step-scan XRD
technique was employed with step size 20 = 0.05°. The time of counting at each step was
10 s, and the scanning range was from 20 = 20° to 20 = 35°.18

6.3

Results and Discussion

6.3.1 Physical Mixture Method
A simple hydration-dehydration treatment of different ratios of anatase/rutile were taken
to

obtain

the

following

mixtures:

75%anatase/25%rutile

mixture

(75A/25R),

50%anatase/50%rutile mixture (50A/50R), 25anatase/75%rutile mixture (25A/75R), in
addition to pure anatase (100A) and pure rutile (100R). Functionalized DMPA-TiC>2 with
different ratios of anatase/rutile via the physical mixture method were synthesized and
characterized as follows.

6.3.1.1

ATR-FTIR

The ATR-FTIR spectra of pure anatase, 75%anatase/25%rutile mixture (75A/25R),
50%anatase/50%rutile mixture (50A/50R), 25anatase/75%rutile mixture (25A/75R), and
pure rutile are shown in Fig. 6.2 as below.
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Fig. 6.2 A T R -FT IR spectra of 100A, 75A/25R, 50A/50R, 25A/75R, and 100R without
calcinations treatment.
The wide peaks between 500 and 800 cm’1 are the characteristic peaks of TiC>2 from the
Ti-O-Ti oxo bonding, with no other obvious peaks at other wavelengths. What’s more,
there was almost no difference between these characteristic peaks with different ratio of
anatase and rutile from the ATR-FTIR results.

6.3.1.1.1

D M PA -Ti02

The ATR-FTIR spectra of functionalized TiC>2 with different ratios of anatase/rutile
formed via the physical mixture method are shown in Fig. 6.3.
Compared with the smooth curve for un-functionalized TiC>2, for DMPA-Ti02 three very
strong bands are observed at 1632, 1462, and 1409cm'1 which are attributed to the
bidentate coordination between titanium atoms and the carboxylic groups of DMPA.19'21
Due to a difference in chemical environment, a slight shift of these three peaks existed
compared with other researchers’ work.19'20 What’s more, the band at 1043 cm'1 shows
the existence o f a primary alcohol, corresponding to the symmetric stretching vibration of
the primary alcohol from the DMPA molecules. The band at 1685cm'1 corresponds to the
C = 0 group o f carboxylic acid groups of DMPA, which partially lose the double bond
characteristic upon coordination.
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According to Fig. 6.3 (b), the peaks at 1632, 1462, and 1409 cm-1 confirm that the
carboxylic group o f DMPA has coordinated to the titanium;surface atoms through the
bridging bidentate mode successfully. What’s more, it’s obvious that the peaks from the
primary alcohol at 1043 cm"1 and the bidentate coordination became weaker as the ratio
o f anatase/rutile decreased.
From the spectra in Fig. 6.3, DMPA-100A has the most prominent peaks, while the
DMPA-100R has almost no peaks with any big difference compared with the curves of
TiC>2 in Fig. 6.2. Hence, as the anatase/rutile ratio decreases, the prominent peaks become
weaker and the coordination activity of Ti0 2 become lower.
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Fig. 6.3 A T R -F T IR spectra of functionalized DMPA-TiC >2 with different ratio of
anatase/rutile via physical mixture method: (a) F T IR spectra between 4000 and 500
cm'1, (b) F T IR spectra between 2000 and 600 cm'1. From the top to the bottom were
(a) DMPA-100A, (b) DMPA-75A/25R, (c) DMPA-50A/50R, (d) DMPA-25A/75R,
and (e) DMPA-100R.
The specific peaks and corresponding functional groups are shown in Table 6.2 as

follows:; ■■

'

j

Table 6.2 Characteristic A TR -FTIR transmission frequencies in DMPA-TiC>2 .
Transmission Frequencies
Range (cm'1)
3187 2970 (broad)
1632,1462,1409
;
1685
1043
500-800

6.3.1.1.2

Functional Group
hydroxyl group from DMPA and DMBA
bidentate coordination between Ti02and carboxylic groups
C=0 bonds from the carboxylic acid groups
primary alcohol
Ti-O-Ti peak

DM BA-Ti02

The molecular structures of 2,2-dimethylolpropionic acid (DMPA) and 2,2-bis
(hydroxymethyl) butyric acid (DMBA) are shown below in Fig. 6.4.
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(a)

(b)

Fig. 6,4 Molecular structure of (a) 2,2-Dimethylolpropionic acid (DMPA) and (b)
2,2-hydroxymethyl butanoic acid (DMBA).
From the molecular structures we can easily see that both compounds have two primary
hydroxyls and one carboxyl group attached to the tertiary carbon. Their main application
is to be used as chain-extenders or environmental-friendly water-borne polymers, such as
coatings, adhesives, leather finishing and resins. Due to their multiple possible H-bond
donors and acceptors, a variety of possible H-bond patterns exist in DMPA and DMBA.22
Although there is only one additional CH2 group in DMBA compared to DMPA, both
FTIR spectra and H-bonds in the two-hydroxyl-based carboxyl are rather different.
Furthermore, DMBA has a lower melting point (DMPA: 189 - 191 °C DMBA: 109 - 112
°C), better solubility in different kinds of solvents, which can increase the efficiency and
decrease the reaction time for synthesizing polyurethane coatings and adhesives.
Therefore the functionalization of DMBA with nTiC>2 is investigated as well to make a
comparison with DMPA.
The FTIR spectra of DMBA-100A, DMBA-75A/25R, DMBA-50A/50R, DMBA25A/75R, and DMBA-100R are shown below in Fig. 6.5. As shown in Fig. 6.5, with a
decrease in the mass ratio between anatase and rutile, all the prominent functional peaks
become weaker, or even disappear. As for DMBA-100A and DMBA-75A/25R, the
bidentate coordination peaks are at 1627, 1465, and 1416 cm'1, the C =0 bond peaks exist
at 1685cm"1, and the primary alcohol peaks are at 1124 and 1047 cm"1, the broad bonds
between 3600 and 2900 cm"1 corresponding to the hydroxyl groups are evident, which
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indicate that TiOz of 100A and 75A/25R and DMBA were coordinated to each other
successfully.

(d) DMBA-25A/75R, and (e) DMBA-100R from top to the bottom.

6.3.1.2

Mass of functionalized D M PA -Ti02 per g T i0 2

All the investigated samples of DMPA-Ti02 and DMBA-Ti02 with different ratios of
anatase/rutile were prepared under the same conditions using -the physical mixture
'•v
method. The mass of final functionalized DMPA-TiC^ per g TiC>2 with different ratios of
anatase/rutile are shown below in Fig. 6.6 (a).
The DMPA-100A had the highest yield per g Ti02 compared to all the other kinds of
TiC>2 with different anatase/rutile ratios. As the ratio of anatase/rutile decreased, the
obtained yields were lower. Due to the rutile phase having a much lower surface area, the
anatase crystal phase is more reactive, with rutile being more inert. Therefore, the mix of
anatase and rutile lowered the coordination activity of Ti0 2 , and decreased the yield of
functionalized DMPA-Ti02.
The DMPA-25A/75R had the least yield per g Ti02 instead of DMPA-100R. This is
probably due to much easier agglomeration between homogeneous TiC>2. Therefore to
separate the un-coordinated rutile from the functionalized DMPA-Ti02 will be more
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difficult, which leading to more TiC^ remaining in the final functionalized DMPA-TiC^.
This could be problematic for potential scale-up.
According to the mass of different kinds of DMB A-TiC>2 formed using different ratios of
anatase/rutile via the physical mixture method in Fig. 6.6 (b), similar results are reached
as with DMPA-TiC>2. 100% of anatase obtained the maximum mass of functionalized
DMBA-Ti02 per g TiC>2, and the weight of the yield of functionalized DMBA-TiC>2
decreased along with the mix of rutile TiC>2.

(b)
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Fig. 6.6 (a) Mass of functionalized DM PA-Ti02 per g T i0 2 with different ratio of
anatase/rutile via physical mixture method, (b) Mass of functionalized DM BA-Ti02
per g T i0 2 with different ratio of anatase/rutile via physical mixture method.

6.3.1.3

TGA-Percentage of functionalized DMPA per g T i0 2

TGA measures the percentage of functionalized organic materials. The weight loss when
heating DMPA-Ti02 is attributed to the percentage of functionalized DMPA removed,
and the remaining weight referred to the percentage of functionalized T i0 2. From the
TGA results, we can determine the percentage of T i0 2 remaining, the loss of the weight
is due to the loss of DMPA or DMBA, thus we can calculate the percentage of DMPA or
DMBA functionalized to T i0 2. Because the DMPA and DMBA are easily dissolved in
methanol, while T i02 is un-soluble, therefore if the DMPA or DMBA was functionalized
with T i0 2, the coordinated nanoparticles will remain in the methanol phase, while the
unfunctionalized DMPA or DMBA will be washed away by the methanol phase. The
smaller the TGA value is, the larger the percentage of functionalized DMPA or DMBA is,
which means that more DMPA or DMBA was functionalized by T i0 2.
The percentage of functionalized DMPA per g T i0 2 of functionalized DMPA-Ti02 with
different ratios of anatase/rutile formed via the physical mixture method are shown in Fig.
6.7.
We can see that the DMPA-100A had the highest value, nearly 10% of DMPA were
functionalized with 100% anatase. This compares to only 5% of DMPA being
functionalized with 100% rutile, which was the lowest measured value. As the percentage
o f anatase in the T i0 2 mixture decreased, fewer DMPA molecules were functionalized.
These results also reflect the same conclusion that the anatase T i0 2 is more reactive than
rutile T i0 2, with 100% anatase achieving the best results.
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12% i

DMPA-Ti02 with different ratio of anatase/rutile

Fig. 6.7 Percentage of functionalized DMPA per g T i0 2 of functionalized DMPAT i0 2 with different ratio of anatase/rutile via physical mixture method.
Similarly, the percentage of functionalized DMBA per g T i02 of functionalized DMBAT i0 2 with different ratios of anatase/rutile formed via the physical mixture method are
shown in Fig. 6.8.
From this TGA result of different kinds of DMBA-Ti02, we can easily see that nearly 5%
of DMBA was functionalized in DMBA-100A, while for DMBA-100R, only 1% of
DMBA was functionalized. Therefore the proportion of functionalized DMBA decreased
as the ratio of T i0 2 anatase/rutile decreased.
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Fig. 6.8 Percentage of functionalized DMBA per g Ti02 of functionalized DMBATi 0 2 with different ratio of anatase/rutile via physical mixture method.

6.3.1.4

SEM

The SEM pictures of DMPA-100A, DMPA-75A/25R, DMPA-50A/50R, and DMPA25A/75R are shown in Fig. 6.9.
From Fig. 6.9 (a), there is almost no dissociative TiC>2 un-coordinated to the DMPA,
which means that almost all the anatase TiC>2 was coordinated to the surface of DMPA
successfully. The morphology of DMPA is in rod-like structures. However, for the other
types of Ti02 with different ratios of anatase/rutile, the final functionalized DMPA-TiC>2
was obtained after being twice washed by methanol. Due to the easy agglomeration of
TiC>2, a significant amount of TiC>2 was left among the final functionalized DMPA-TiC^.
Especially for DMPA-100R, almost all the rutile phase was left without coordination to
the DMPA. Thus DMPA-100A gave the best results.

125

(C)

(d)

Fig. 6.9 SEM images of DMPA-TiOi with different ratio of anatase/rutile via
physical mixture method (a) DMPA-100A (b) DMPA-75A/25R (c) DMPA-50A/50R
(d) DMPA-25A/75R.
From the SEM images of DMPA-100A and DMPA-75A/25R under the same
magnification as shown in Fig. 6.10, no dissociative TiC>2 existed in the DMPA-100A, as
all the nTi02 is distributed on the surface of DMPA. Only a few functionalized DMPA
crystals are surrounded by many un-coordinated 75A/25R TIO2 in DMPA-75A/25R. The
results o f DMPA-100A are much better than DMPA-75A/25R.
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(a)

(b)

Fig. 6.10 SEM images of (a) DMPA-100A (100pm scale) (b) DMPA-75A/25R (100pm
scale) under the same magnification of 500.

6.3.2 Phase transformation via calcination method
The Degussa P25 samples were calcined at 700°C for 3, 6, 36, and 72h, thus TiC>2 nano
materials with different anatase/rutile ratios were obtained. Then this series of modified
P25 was reacted with DMPA under the same conditions as the aforementioned method.
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6.3.2.1

ATR-FTIR

The FTIR spectra of functionalized DMPA-Ti02 with different ratios of anatase/rutile
formed via the calcination method of P25 are shown below in Fig. 6.11.
From Fig. 6.11, all the characteristic peaks of hydroxyl group, bidentate coordination and
Ti-O-Ti peaks exist. The intensity of these characteristic peaks become weaker as the
anatase/rutile ratio becomes smaller.

Fig. 6.11 FTIR spectra of different functionalized DMPA-Ti02 with different ratio
of anatase/rutile via calcination method of P25. (a) DMPA-P25/700°C 3h (b) DMPAP25/700°C 6h (c) DMPA-P25/700°C 36h (d) DMPA-P25/700°C 72h.

6.3.2.2

Mass of functionalized D M PA -Ti02 per g T i0 2

The mass of final functionalized DMPA-TiC>2 per g TiC>2 with different ratios of
anatase/rutile formed via the calcination method obtained under the same conditions are
shown below in Fig. 6.12. It’s obvious that DMPA-P25/400°C 4h (80%anatase/20%rutile)
provided the maximum yield, followed by DMPA-P25/700°C 3h (45%anatase/55%rutile),
with the smaller the ratio of anatase/rutile, the lower the mass of functionalized DMPATiC>2 obtained.
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2.5

DMPA-P25 with different calcination time of P25

Fig. 6.12 Mass of different functionalized T i0 2 with different ratio of anatase/rutile
via calcination method of P25.

6.3.2.3

TGA-Percentage of functionalized DMPA per g T i0 2

The TGA results of different functionalized DMPA-Ti02 with different ratios of
anatase/rutile formed via the calcination method from P25 are shown in Fig. 6.13.
According

to

the

TGA

results

of

Fig.

6.13

(a),

DMPA-P25/400oC

4h

(80%anatase/20%rutile) had the maximum weight loss, while the DMPA-P25/700oC 72h
(0%anatase/100%rutile) had the minimum loss. These results are shown in Fig. 6.13 (b),
which shows that more than 37.5% of DMPA was functionalized with the P25/400oC 4h
(80%anatase/20%rutile), while P25/700oC 72h (0%anatase/100%rutile) was only
functionalized on less than 2.5% of DMPA. Therefore, the lower the anatase/rutile ratio
that the calcined P25 contained, the smaller the percentage of DMPA functionalized.

129

I

(a)

DMPA-P25 with different calcination time o f P25

(b)
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Fig. 6.13 Percentage of functionalized DMPA per g T i0 2 of functionalized DMPAT i0 2 with different ratio of anatase/rutile via calcination method of P25.

6.4

Conclusion

Two methods, i.e. a physical mixture method and a calcination method, were chosen to
control the ratio of anatase and rutile. Through the investigated characterization methods
i.e. FT1R, TGA, and SEM, it was found that the best results are DMPA-anatase/400oC 4h
and DMPA-P25/400oC 4h. As the anatase/rutile ratio decreased, the amount of the final
functionalized DMPA-Ti02 decreased, and the percentage of functionalized DMPA
decreased. The intensity of the characteristic FTIR peaks became weaker, as the
formation of rutile reduces the surface-adsorbed water, hydroxyl groups and surface area,
leading to the observed decrease of coordination reactivity. The best ratio for the
functionalization of DMPA is anatase (100%anatase) calcined at 400oC for 4h and P25
(80%anatase/20%rutile) calcined at 400 oC for 4h.
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C o n c lu s io n s

1. UV illumination and PU/Ti02 nanocomposite films were both found necessary for
the anti-bacterial property of PU/nTi02 coating. The survived bacteria colony
dropped slightly in the initial 5 min under UV illumination, followed by a
significant decrease in the survived bacteria colony in the following 10 min, with
few surviving colonies after UV illumination for 30 min. After UV irradiation for
45min, only 0.03% percentage of bacteria still survived, implying that the novel
PU/TiC>2 film has excellent anti-bacterial properties.
2. The destruction and degradation o f excess DMPA and stearic acid along with the
irradiation time indicates that the PU/TiC>2 films have excellent self-cleaning
properties. At the same time, no change was observed from the FTIR spectra for
our PU/TiÜ 2 film even after 24h’s direct solar-like irradiation, which indicates
that our PU/TiC>2 film have good weathering performance.
3. Functionalized DMPA-TiÛ 2 was synthesized successfully, and the crystal
morphology of DMPA changed from a block structure into a rod-like structure
with high surface coverage of nTiC>2 coordinated and functionalized to the surface.
The calcination effect, molar ratio effect, solvent effect and temperature effect
were investigated. The calcination treatment increased the amount of final
functionalized DMPA-TiC^, and enhanced the percentage of DMPA that was
functionalized.

The

optimum

molar

ratio

between

DMPA

and

Ti(>2

(anatase/400°C 4h) was 2.4, which means 4g of DMPA was functionalized with
lg of TiC>2 was the optimum ratio. Prominent bidentate coordination characteristic
peaks could be observed showing functionalization. Among the solvents
investigated, i.e. iso-propanol, THF and methanol, the DMPA-TiC^ synthesized
under iso-propanol gave the best results. When using methanol, a lower amount of
functionalized DMPA-TiC>2 was obtained, a lower percentage of DMPA was
functionalized. As the reaction temperature increased, the mass of functionalized
DMPA-TiC>2 increased.
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4. Two methods, i.e. a physical mixture method and a calcination method of P25,
were chosen to control the ratio of anatase and rutile. Through the characteristic
investigation methods including FT1R, TGA, and SEM, it was found that the best
results are DMPA-anatase/400°C 4h and DMPA-P25/400°C 4h. As the
anatase/rutile ratio decreased, the amount of the final functionalized DMPA-Ti02
decreased, and the percentage o f functionalized DMPA decreased. The intensity
o f the characteristic FTIR peaks also became weaker. The best ratio for the
functionalization of DMPA is anatase (100%anatase) calcined at 400°C for 4h and
P25 (80%anatase/20%rutile) calcined at 400°C for 4h. After comparison of
PU/nTi02 coating via the physical mixture method and “grafting from”
polymerization method, the direct attachment achieved by our “grafting from”
polymerization method could accomplish excellent dispersion and distribution of
nT i02 in the polyurethane matrix.

Recommendations
1. Synthesize nTiCh by ourselves to decrease the particle size and increase the
surface area
The nanofiller has a strong tendency for aggregation and agglomeration in the polymer
matrix, due to the large ratio between surface area and particle size for nTiC>2, and a low
interaction and incompatibility within the polyurethane substrate. Therefore, effective
surface binding, stable functionalization and modification between DMPA and nTiC>2 are
the most important steps in the synthesis and application of the polyurethane/nTiC>2
coatings. The chemical bond between the carboxylic group from DMPA and the surface
o f nTiC>2 is the key bridge to connect the polyurethane and nTiC>2. Once this bond is
stable, the interactions between the nanofiller and polymer matrix can be enhanced, the
agglomeration problem could be solved, and the distribution of nTi02 into the
polyurethane matrix can be facilitated.
On the level of the nano-scale, the surface area and the fraction of the surface atoms of
the nanoparticles increase dramatically as the size of the particles gets smaller. More
facets and higher surface area can be created resulting in varied undercoordination states
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o f Ti atoms. Zhang Qingli revealed that as the size of the nanoparticles decreases, the
proportion of stable chemisorption forms increase. Thus, there is a possibility to control
the surface binding forms by controlling the particle size.1
The crystallinity, the surface area, and the size of the nTiC>2 all affect the binding modes
of the carboxylic group on the surface o f nTiC>2 particles. Therefore, synthesis of nTiC>2
by ourselves to decrease the particle size and increase the surface area, instead of buying
commercial nTi02, would enhance the composition of stable chemical binding forms to
increase the interactions between nTiC>2 and polyurethane matrix.

2. Investigation of optimum calcination temperature
Optimum calcination temperature on the Ti02 needs to be investigated. As higher
calcination temperature can clean the surface of Ti02, decrease the O-H groups, remove
the impurities, and increase the Ti-O bond on the surface, improve the crystallization,
leading to an improvement of coordination reactivity with DMPA and photocatalytic
activity. However, as the calcination temperature was not optimized, more rutile can be
transformed from anatase, the sintering and growth of TiC>2 crystallites all result in a
significant decrease of surface area leading to a lower coordination and photocatalytic
activity. Therefore, an optimum calcination temperature should be found, having the
maximum reactivity and highest photocatalytic activity.

3. Try doped-TiCh to shift the band-gap from UV region to visible light region
Anatase TiC>2, which is the most photoactive phase of Ti(>2, only absorbs ultraviolet light
with wavelengths shorter than 380 nm. However, the UV part of direct sunlight is
generally in the power range of 2-3 mW/cm2. The content of ultraviolet light in indoor
illumination is significantly smaller than that in sunlight, because the fluorescent lamp
mainly emits visible light. Thus increasing the spectral sensitivity of photocatalysts to
visible light, which composes the largest part of solar radiation, will be a significant
problem if we want the coatings to work under indoor-lighting conditions.3

137

Attempts to improve the performance o f T i0 2 as a photocatalyst to extend its light
absorption and conversion capacity to the visible portion of the solar spectrum have
primarily been concerned with the effect of dopants. A wide range of metal ions such as
Fe, Cr, V, Mn and Co can be added as dopants via coprecipitation and the sol-gel method.
Among the various metal ions, due to the unique electronic structure and size that closely
matches that of titanium, doping with Fe has been widely used.34*"8 Besides, another
separate approach to shift the absorption edge over a broader area is by modifying T i0 2
with anions such as C, N, S, and F to synthesis non metal-doped T i0 2.91° Asahi et al.
showed that the substitutional doping of N was the most effective among all anions for
band gap narrowing, because N’s P states mixed with O 2P states.11'14 Therefore, it is
highly desirable to improve the T i0 2 nanomaterials in order to increase their optical
activity by shifting the onset of the response which means the band gap from the UV to
the visible region by using doped T i02.6
Self-cleaning properties of doped T i02 films have also been investigated. Due to the
higher recombination rate of the charge carriers, most of the doped T i0 2 have lower
photocatalytic activity than that of pure T i02. However, co-doped T i0 2 have been
developed to improve the photocatalytic activity. Strong visible-light absorption and
enhanced photocatalytic activity for stearic acid destruction under visible light irradiation
were observed.15
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Appendix 1. The percentage of DMPA functionalized with Ti ( > 2
Based on the results of functionalized DMPA-anatase/400°C 4h, when 1 g of
anatase/400°C 4h was reacted with 4 g o f pre-heated DMPA in 45 ml iso-propanol, the
mass of the final DMPA-anatase/400°C 4h was 3.256 g, and the TGA results was 25.86%.
Therefore, we have:
Mass of functionalized DMPA: 2.414 g
Mass of initial reacted DMPA: 4 g
Thus the percentage of DMPA that was functionalized and coordinated to the
anatase/400°C 4h = 2.414/4 x 100% = 60.35%
Therefore, 60.35% of the initial DMPA could be functionalized and coordinated to the
calcined nTiC>2.
X
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Appendix 2. Matlab code to calculate the intensity of UV light
Solar simulator
(1) By function: 0.5986;
al=0.03154; bl=366.6; cl=3.664;
a2=0.003835; b2=358.3; c2=23.37;
a3=0.002148; b3=335; c3=2.613;
f=al*exp(-((x-bl)./cl).A2)+a2*exp(-((x-b2)./c2).A2)+a3*exp(-((x-b3)./c3).A2);
F(x)=(2588412079609184439*piA( l/2)*erf(( 1000*x)/26135000/39))/922337203685477580800 +
(5166468964140440973 *piA( 1/2)*erf(( 100*x)/233735830/2337))/l15292150460684697600 +
(361133*piA(l/2)*erf((125*x)/458 - 45825/458))/6250000;
\
PS. erf() error function
(2) By summing up areas: 0.5798.
sum=0;
for jj=2:401
sum=sum+(y(jj)+y(jj-1))*0.5/2;
end
Results:
By function: 0.5986;
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By summing up areas: 0.5798.

UV lamp
(1) By function: 0.3726;
al =

0.007911 ;

bl =

468.7 ;

cl =

6.754 ;

a2 =

0.002769 ;

b2 =

453.8 ;

c2 =

9.056 ;

a3 =

0.004244 ;

b3 =

483.7 ;

c3 =

7.153 ;

a4 =

0.001221 ;

b4 =

575.4 ;

c4 =

18.34 ;

a5 =

0.004892 ;

b5 =

691.4 ;

c5 =

15.87 ;

a6 =

0.01318 ;
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b6=

426.9 ;

c6=

80.07;

a7=

0.00828 ;

b7=

662.7;

c7 =

65.8 ;

a8=

0.01125;

b8 =

569.5;

c8 =

87.25;

f =al*exp(-((x-bl)./cl).A2) + a2*exp(-((x-b2)./c2).A2) + ...
a3*exp(-((x-b3)./c3).A2) + a4*exp(-((x-b4)./c4).A2) + ...
a5*exp(-((x-b5)./c5).A2) + a6*exp(-((x-b6)./c6).A2) + ...
a7*exp(-((x-b7)./c7).A2) + a8*exp(-((x-b8)./c8).A2)

;

F(x)=(68103*piA(l/2)*erf((5*x)/329 - 141/14))/250000 +...
(3141*piA(l/2)*erf((4*x)/349 - 2278/349))/6400 +...
(5163506532334354197*piA(l/2)*erf((50*x)/917
4110/131 ))/461168601842738790400 +...
(5276613*piA( 1/2)*erf(( 100*x)/8007 - 14230/2669))/l0000000 +...
( 1806920839781099477*piA( 1/2)*erf(( 125 *x)/l 132
56725/1132))/144115188075855872000 +...
(1790165200970346993 *piA( 1/2)*erf(( 100*x)/l 587
69140/15 87))/46116860184273879040 +...
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(1540040667574223739 l*piA(l/2)*erf((500*x)/3377
234350/3377))/576460752303423488000 +...
(34999620885289586227*piA(l/2)*erf((1000*x)/7153
483700/7153))/2305843009213693952000 ;
(2) By summing up areas: 0.3714.
sum=0;
for jj=2:401
sum=sum+(y(jj)+y(jj -1 ))*0.5/2;
end
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Appendix 3. Size distribution of DMPA dissolved in toluene
Size distribution by intensity and size distribution by volume are shown as follows:
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